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DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not nccessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.
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FOREWORD

- LIFE SCIENCES RESEARCH AT LBL HAS BOTH
a long history and a new visibility. The physics technologies
pioneered in the days of Ernest O. Lawrence found almost im-
mediate application in the medical research conducted by
Ernest’s brother, John Lawrence. And the tradition of nuclear
medicine continues today, largely uninterrupted for more than
50 years. Until recently, though, life sciences research has been a
secondary force at the Laboratory, in light of the Lab’s position
as an international leader in high-energy and nuclear physics.
Today, in keeping with a decade-old vision for LBL, a true multi-
program laboratory has emerged, in which the life sciences
participate as a full partner.

An important part of this change has been the growth of a
multidisciplinary spirit—ensuring not only that the Laboratory
pursues diverse research interests, but also that it pursues them
with the full complement of tools and talents available here.
Two examples, both described in more detail in the following
pages, serve to illustrate this point. The LBL Human Genome
Center is our contribution to the growing international effort to
map, and eventually to sequence, the human genome. Its
achievements during one short year of activity have been im-
pressive—but more to the point, they represent the efforts of five
LBL divisions, including Engineering, Materials and Chemical
Sciences, and Information and Computing Sciences, along with
Cell and Molecular Biology and Chemical Biodynamics. A
second initiative, the ALS Life Sciences Center, also had its
genesis during 1988, borne of the expressed needs of biomedical
researchers for full experimental access to new synchrotron
radiation facilities. The Center will thus comprise not only
beamlines and experimental end stations, but also supporting
laboratories and office space for scientists from across the U.S.
And once again, this effort reflects a confluence of scientific
disciplines—this time represented by individuals from the life
sciences divisions and by engineers and physicists associated
with the Advanced Light Source project.

And finally, this report itself, the first summarizing the
efforts of all four life sciences divisions, suggests a new spirit of
cooperation—cooperation achieved with no loss of diversity.

PAUL H. SILVERMAN
Associate Laboratory Director for Life Sciences
10 July 1989
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RESEARCH MEDICINE
AND RADIATION

‘ A DIRECT LINE CAN BE DRAWN BETWEEN
the earliest biomedical experiments at the Radiation Lab-
oratory on the Berkeley campus and the work now under
way in the Research Medicine and Radiation Biophysics
Division. Though 50 years of intellectual and technological
evolution have had their effect, the focus of the division
continues to be the investigation of human physiology and
disease, using the tools afforded by nuclear physics. The
use of radionuclides as therapeutic agents in the prewar
years is reflected today in their application as tracers, used
in conjunction with advanced diagnostic imaging systems;
the earliest use of cyclotron-produced particles for cancer
therapy finds its parallel in ongoing cancer therapy trials
with heavy ions at the Bevalac. In addition, a major effort
is now under way to understand the genetic risk factors at
work in atherosclerosis—a logical extension, in fact, of the
first Donner Laboratory studies of lipoproteins and heart
disease, now more than 40 years old. (During 1988 this
work was conducted in the Cell and Molecular Biology
Division; see pages 36-39.)

In looking to the future, we can anticipate continuing
evolution and growth in each of these areas. In addition,
the first steps have been taken in a wholly new direction:
the exploitation of coherent soft x-rays from the Advanced
Light Source (ALS) for a new generation of imaging exper-
iments in the life sciences. A proposed Life Sciences
Center would provide synchrotron radiation beamlines
and experimental facilities for protein crystallography, x-
ray microimaging and microholography, and x-ray
spectroscopy, as well as providing a full complement of
ancillary laboratory facilities for local and visiting scien-
tists. The ALS will thus serve a well-established commu-
nity of crystallographers with high fluxes of 10-keV x-rays,
but its most exciting attribute is the laserlike synchrotron
light it will produce in the ultraviolet and soft x-ray
regions of the spectrum. At these longer wavelengths, the
coherent properties of the light offer us the unprecedented
opportunity to look into living cells at resolutions
approaching 10 nm.

“. .. though 50 years

of intellectual and
technological evolution have
had their effect, the focus
continues to be the
investigation of human
physiology and disease,
using the tools afforded by
nuclear physics. . .."



RESEARCH MEDICINE AND RADIATION BIOPHYSICS
STUDIES OF BRAIN FUNCTION AND DISEASE

The long tradition of the Research Medicine and Radiation
Biophysics Division is founded on the application of advanced
technology in the service of medicine. This convergence of
technological development and medical research is especially
evident in our broad program of research on brain function and
disease. In particular, our efforts focus on the use of positron-
emission tomography (PET) and nuclear magnetic resonance
(NMR, sometimes called magnetic resonance imaging). The
PET program centers on the continuing use of the Donner 600-
crystal tomograph, the world’s highest-resolution instrument, for
studies of various physiological processes in vivo. In several of
the physiological studies, NMR serves as a complementary
imaging technique. In addition, we continue to exploit classical
radiotracer techniques in metabolic studies of diseases such as
schizophrenia and affective disorders.

PET and NMR Studies

Positron-emission tomography is based on the use of metabolic
tracers that contain a positron-emitting isotope. Decay of the
isotope generates a positron, which then immediately annihilates
with a nearby electron (its antiparticle) to produce two photons.
The simultaneous detection of these photons, traveling in
opposite directions, pinpoints the position of the original event.
Different tracers can be chosen, or synthesized, to investigate
different kinds of metabolic activity, and time-dependent studies
can be carried out to assess the kinetics of metabolic processes.
Many patient studies, for example, are done with 18F-labeled
fluorodeoxyglucose (FDG), a glucose analog that is taken up by
actively metabolizing brain tissue. The highest-resolution
instrument now available for such studies is the Donner 600-
Crystal Positron-Emission Tomograph (Figure 1), commissioned
in 1986 for studies of brain metabolism. The resolution of this
system is 2.6 mm FWHM—at least twice as good as that of any
other instrument. The value of this increase in resolution can be
seen in Figure 1, where evidence of renewed tumor growth,
visible in a high-resolution PET 600 image, cannot be seen in an
image obtained with an older tomograph.

One particularly active area of research involving PET
imaging has been the study of cerebral blood flow in Alzheimer’s
disease. Recent work has exploited the newly developed
radiopharmaceutical 1221 Jabeled N,N,N “-trimethyl-N"(2-
hydroxyl-3-methyl-5-iodobenzyl)-1,3-propanediamine (HIPDM),
whose short half-life (210 seconds) makes repeated measure-
ments possible during one patient sitting. Thus, we can measure
unstimulated blood flow values, then, following some stimulus,
record the stimulated flow.



One such stimulus studied during 1988 was COp
inhalation, which typically causes a significant increase in
cerebral blood flow. Sixteen healthy adults, ranging in age from
27 to 78, and five Alzheimer’s patients were subjected to PET
scans before and after breathing CO» for 10-15 minutes. This
physiological testing procedure is safe and well-accepted, but
these studies were the first ever done with PET. All control
subjects showed consistent baseline patterns of cerebral blood
flow, which then increased after COp inhalation. This vascular
system “reactivity,” however, was less pronounced in the older
subjects than in the younger ones. In the Alzheimer’s patients,
baseline blood flow rates were reduced in the temporal cortex;
however, vascular reactivity did not differ from that of the
control subjects. Aging thus appears to diminish the ability of
the cerebral vascular system to respond to challenge, but this
impairment is not heightened by Alzheimer’s disease. The
abnormal blood flow patterns seen in Alzheimer’s patients are
probably not a cause of the disease, but rather a result of
diminished glucose utilization in, for example, the temporal
cortex.

In other studies, PET and NMR can be used in concert to
reveal changes in brain anatomy and physiology. Whereas PET
is a probe of metabolism, normal proton-NMR yields high-
resolution anatomical maps based on variations in the distri-
bution and tissue environment of water in the body. In one
investigation, the two techniques were used to follow the process
of brain necrosis in a dog exposed to a lethal dose of heavy-ion
radiation. An understanding of this process is especially
important in the context of the heavy-ion therapy program
described on pages 8-10. Together, the use of PET and NMR
allowed us to follow (i) changes in glucose metabolism in the

Studies of Brain Function and Disease

Figure 1. The Donner 600-Crystal
Positron-Emission Tomograph and a
pair of PET images of the human brain,
showing the improved resolution of this
instrument, compared to that of a 280-
crystal instrument. The tomograph is
shown with members of the multi-
divisional team responsible for its
design, development, and construction.
In both images, the light areas represent
regions of active glucose metabolism, as
measured by the uptake of an 18F-
labeled glucose analog. Both images
show areas of low glucose uptake at the
lower right, indicating necrotic tissue.
The diagnosis of cerebral tumor,
however, depends upon detection of a
ring of high activity around the necrotic
region. This ring is clearly seen only in
the PET 600 image (on the left). [CBB
881-599 and XBB 884-2937]



RESEARCH MEDICINE AND RADIATION BIOPHYSICS

Figure 2. A prototype biomedical
“cyclotrino,” conceived and constructed
in LBL's Physics Division. A
cyclotrino devoted to tracer studies
would enhance detection sensitivity to
isotopes such as 14C by a thousandfold,
thus making feasible a host of new
studies of human metabolism. [CBB
888-8202]

brain (PET with labeled FDG), (ii) changes in the permeability of
the blood-brain barrier (PET with 82Rb, which does not normally
diffuse into the brain), and (iii) brain tissue edema and abnormal
extracellular fluid characteristics that arise following radiation
damage (proton NMR imaging).

Tracer Studies of Schizophrenia

A third type of study relied on neither PET nor NMR, using
instead classical tracer techniques. In our work on schizophrenia
and affective disorders, for example, we looked for changes in
the methyl carbon pathway by injecting 11C- or 14C-labeled S-
adenosyl methionine (SAM), then measuring the activity of
expired COjy. Our findings showed that unmedicated schizo-
phrenics metabolize methyl carbon much less efficiently than do
normal patients, suggesting in turn that they may suffer an
enzyme deficit in the methyl carbon pathway. This can affect
both the activity of neurotransmitters and the normal
functioning of the phospholipid membrane transport system. To
pursue this investigation further, we plan to search the sequence
of methyl-metabolism products for an enzymatic “bottleneck.”
To detect extremely low levels of tracer, we have proposed a new
type of mass spectrometer, in conjunction with the Nuclear
Science and Physics Divisions. This “cyclotrino” would detect
individual 14C atoms, thus enhancing detection sensitivity by a
thousandfold. Such an instrument, shown in Figure 2, would
also have utility in studies of other metabolic diseases, of which
more than 3000 are known, and in studies of the metabolism of
drugs and toxic agents.




PET Imaging of Vascular Lesions

The 600-crystal tomograph, designed for brain scans of human
subjects, can also be used for whole-body imaging of small
animals. We have thus been able to undertake high-resolution
studies aimed at detecting vascular lesions in large blood vessels
of rabbits. To do this, blood platelets were labeled with ®8Ga,
which had been complexed to mercatopyridine-N-oxide. The
labeled platelets were then injected intravenously into rabbits
whose distal descending aortas had been scraped free of endo-
thelial tissue by a balloon catheter. The scraping was done to
simulate disease-induced arterial lesions. Platelet localization at
the site of injury could be clearly seen in the high-resolution PET
images, suggesting the possible use of the 600-crystal tomograph
and %8Ga-platelets for imaging vascular lesions in the carotid
arteries of human subjects. Efforts also began in 1988 to deter-
mine whether radiation-induced damage to smaller vessels
might be detected with radiolabeled substances.

MEDICAL IMAGING TECHNOLOGY

Ovwer the past decade, technological improvements have elevated
NMR and PET imaging to the level of routine procedures in the
diagnosis of many diseases. Continuing research, however,
points toward even wider applications for these technigues and,
especially, toward higher image resolution. During the past
year, for example, our NMR group completed theoretical studies
that provide a solid foundation for eventually conducting in vivo
NMR at high magnetic fields, which promises higher resolution
and higher signal-to-noise ratios in diagnostic images. The key
to better PET images, on the other hand, is smaller detector
crystals, which, because of their size, are better able to localize the
source of a detected pair of photons. One requirement of smaller
detectors, however, is a more suitable scintillator than the
bismuth germanate currently used. In 1988 we described a
promising candidate material, cerium fluoride. We also designed
and built a position-sensitive photodiode that improves the off-
center resolution of PET images.

NMR Methods

Research applications of in vivo NMR spectroscopy are wide
ranging, including studies of aging, atherosclerosis, ischemic
heart disease, and cancer. Many such investigations, however,
are limited by the signal-to-noise ratios and by the image
resolution that can be achieved with techniques currently
available. Improvements are possible by operating at higher
magnetic fields, but higher fields typically require the
application of radio-frequency pulses of impractically high peak

Medical Imaging Technology
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Figure 3. A natural-abundance 13C-
NMR spectrum of human skeletal
muscle (gastrocnemius). The relatively
isolated position of the glycogen C-1
resonance made this successful in vivo
spectrum possible. The concentration of
glycogen in skeletal muscle is about 4
mM. [XBL 897-7658]
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power. This is a consequence of the usual way of conducting
NMR experiments: rf pulses of short duration (about 10 psec)
are applied to probe the “sample,” followed by long relaxation
times (about 1 sec) during which data are collected.

During the past year, we confirmed the feasibility, for in
vivo studies, of a technique known as stochastic excitation,
which circumvents the high-peak-power requirements of
conventional pulsed NMR techniques. Stochastic NMR uses a
noiselike rf excitation signal that is on almost continuously. The
result is a reduction by several orders of magnitude in the peak-
power requirement. In addition to our theoretical studies,
experiments were carried out to compare alternative excitation
schemes with regard to distortion and systematic noise.

In a second study aimed at broadening the utility of NMR
spectroscopy, we sought to detect glycogen in vivo by 13C-NMR
spectroscopy, a technique that holds great promise for the in
vivo study of biomolecules. 13C-NMR is complicated by the
large number of organic compounds in the body, whose
individual resonances combine to produce a few broad lines;
however, glycogen shows a resonance at 101 ppm, in an
otherwise blank portion of the NMR spectrum. In spite of this,
previous studies of glycogen utilization have relied on needle
biopsies, which have shown that skeletal muscle contains
roughly 4 mM glycogen. Figure 3 shows the first 13C-NMR
spectrum of glycogen in vivo, obtained from the natural
abundance of 13C. Owing to the success of this demonstration
experiment, follow-up studies are under way that will look at
carbohydrate metabolism by monitoring in vivo utilization of

glycogen.
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Developments in PET Technology

Two especially notable developments characterized our efforts
during 1988 to improve the state of current PET technology. The
first was the discovery and characterization of a new scintillator,
CeF3. In a positron-emission tomograph, scintillators absorb the
coincident x-rays emitted during positron annihilation and emit,
in turn, visible photons to be detected by a standard phototube.
These scintillators embody three critical properties: high density,
thus assuring adequate absorptivity; a short fluorescent decay
lifetime, so that high count rates can be tolerated; and a reason-
able light output. Cerium fluoride aps‘:)ears promising on all
three counts. Its density is 6.16 g/cm?, about 87% of that of
bismuth germanate (BGO), which is today’s standard scintillator,
and its light output is about half that of BGO. Significantly,
however, the fluorescence decay of CeF3 can be described by a
single exponential, with a time constant of 27 + 1 nsec. For high-
count-rate applications, this is much better than the 300-nsec
decay time constant of BGO.

The second development was the fabrication and testing of
a position-sensitive photodiode-BGO detector. As shown in
Figure 4, standard PET detector elements yield degraded
resolution for “off-center” events, since one cannot tell where in
the crystal the incident x-rays were detected. The new crystal
design, also illustrated in Figure 4, combines a segmented silicon
photodiode with a scintillator crystal in such a way that the
distribution of fluorescence detected by the two photodiode
segments reveals the approximate point at which the light
originated.

Tangential
projection

Radial
projection

Position-sensitive
silicon photodiodes

Medical Imaging Technology

Figure 4. (a) A schematic illustration
showing the cause of resolution
degradation for off-center events in a
conventional PET instrument. Each
photon from the depicted off-center
event typically follows a path that
passes through more than one detector
crystal. Since any one of these crystals
can detect the photon, the position of its
origin is obscured. Resolution is
optimal in the tangential direction,
worst in the radial direction. (b) A PET
detector module incorporating a
position-sensitive photodiode. The
distribution of scintillation photons
between the two triangular segments of
the photodiode allows the position of the
detection event to be localized along the
length of the crystal. The location of off-
center annihilations can thus be more
accurately described. The inset shows a
prototype photodiode. [XBL 897-7659,
XBL 897-7660, and CBB 8810-10375]

10-mm-square (b)
phototube

Lightpipe

T3 mm X 10 mm X 25 mm
BGO crystals




RADIOTHERAPY AND RADIOSURGERY WITH HEAVY IONS

In distinct contrast to x-rays, heavy ions and neutrons are
especially effective in killing typically oxygen-deficient cancer
cells. In addition, ions can penetrate deeply into the body, then
deposit their energy abruptly at the end of their path. Further-
more, this so-called Bragg peak of delivered dose can be manip-
ulated in three dimensions, so that a well-defined volume of
tissue is irradiated. As a consequence, the radiotherapy program
at LBL has been able to demonstrate unequivocally that superior
local cancer control can be achieved with heavy ions for a number
of cancerous tumors. During 1988 our programs in this area
proceeded on course, with a central aim being a continuing
evaluation of different ion species with respect to their efficacy in
treating different types of cancer. The heavy-ion radiotherapy
trial accrued 64 patients during 1988, with an additional 28
patients receiving control irradiation. Nonclinical research
proceeded in parallel, aimed mainly at understanding the
physical and biological characteristics of heavy-ion beams and
their effects in the brain.

Clinical Studies

Phase I and II studies have now been done using neon for several
different anatomical regions and tumor types, including glioma
of the brain, head and neck tumors, soft tissue and bone
sarcoma, and tumors of the esophagus, pancreas, stomach, lung,
and prostate. The results of these studies suggest further study
of several cancers. Accordingly, we have begun Phase III trials
for lung and prostate tumors, and randomized Phase II trials are
planned for glioblastoma and base-of-skull tumors.

In our “dose localization studies,” we take advantage of
the biophysical characteristics of ion beams to deliver high doses
to tumors adjoining critical anatomical structures. Through 1988,
105 patients had received heavy-ion irradiation for chordoma,
chondrosarcoma, or meningioma of the base of the skull or the
juxtospinal area. Tumor control within the irradiated area was
observed in 72 (70%) of the patients, with a median follow-up of
27 months. Additional tumor sites and types also show long-
term benefits from heavy-ion therapy. Among patients treated
for lesions impinging on the brain stem and spinal cord,
regardless of histology, local control has been achieved in 60% of
the cases.

Other studies have focused on helium ions and were
conducted at the 184-Inch Synchrocyclotron until its decommis-
sioning in early 1988. During mid-1988, therefore, the ISAH
patient positioner was relocated to a new biomedical radiation
enclosure at the Bevalac. New beamline components were also
fabricated, allowing flexible computer control of the diameter
and residual range of the ion beam. The new beamline is shown



Radiotherapy and Radiosurgery with Heavy Ions

in Figure 5. Clinical research protocols resumed at the Bevalac in
July 1988.

In one long-running helium-ion study, local control of
uveal melanoma has been achieved in 97% of 208 patients, with a
median follow-up of 54 months. Overall, 85% of the patients
have retained their eyes, and more than half have post-treatment
vision of 20/400 or better. The survival rate at 5 years is 80%.
These are encouraging results, but it is possible that radioactive
125 plaque therapy is equally good for some tumor locations
and sizes. Thus, a randomized trial comparing helium therapy
and 125] plaque therapy is under way; it had accrued 142
patients by the end of 1988.

Also using helium ions, our stereotactic radiosurgery
clinical program continued its studies on the use of focal
irradiation to treat life-threatening intracranial vascular
disorders. The ultimate aim is the transfer of safe, reliable, and
reproducible treatment strategies to facilities based at commu-
nity hospitals. Accordingly, the scope of the program is to
optimize the dose, treatment volume, ion type, beam delivery
technique, and treatment fractionation schedule for irradiation of
intracranial arteriovenous malformations (AVMs) and neoplastic
disorders. For several years, we have concentrated especially on
AVMs, pathological clusters of blood vessels in the brain that are
especially prone to hemorrhaging.

At the end of 1988, we were in the process of analyzing the
conditions of treated patients who have been followed for two
years or more. In a group of 65 patients for whom sequential
cerebral angiograms were available, results show complete or
partial cure in all cases. All small AVMs (those of 4 cm?3 or less)
were completely obliterated, as were more than 80% of larger
ones. We are also pursuing a more extensive neuroradiologic
follow-up by using NMR and PET imaging to evaluate the time
course of radiation-induced changes in AVMs and surrounding
tissue. We are using labeled FDG and HIPDM, as well as 82Rp,

Figure 5. The new biomedical beamline
at the Bevalac. The new beamline, built
to accommodate programs moved from
the decommissioned 184-Inch Synchro-
cyclotron, includes a newly developed
computer-controlled scatterer that
comprises a variable-thickness water
absorber and metal scattering plates.
[CBB 887-7397]
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Figure 6. A plot of depth-dose
distributions in the illustrated
“phantom,” calculated by ray tracing
(dashed line), Monte Carlo simulation
(solid line), and a modified differential-
pencil-beam model (open circles). The
success of the DPB model promises
more-accurate dose calculations as part
of radiotherapy treatment planning.
[XBL 897-7661]
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as PET tracers to assess changes in glucose metabolism, regional
blood flow, and the integrity of the blood-brain barrier, and to
correlate these changes with NMR data.

Basic Radiation Biophysics

Underlying the radiotherapy and radiosurgery programs are
continuing basic biophysical studies on the properties of the ion
beams being used medically. (Pertinent work is also carried out
in the Cell and Molecular Biology Division; see pages 26-27.) For
example, a deficiency in current ion dose calculations is our
inability to adequately account for multiple-scattering effects in
complex media. We have therefore modified a so-called
differential-pencil-beam (DPB) model for electron dose
calculations, for application to the calculation of ion doses in
heterogeneous media. Its success in preliminary studies with a
simple phantom is illustrated in Figure 6, where the results of the
modified DPB algorithm compared well with the results of a
Monte Carlo simulation. The current algorithm, however, does
not adequately account for the position of the heterogeneity (for
example, the air cavity of the phantom in Figure 6), so further
work is necessary. Nonetheless, prospects are encouraging that a
more accurate dose-calculation model will ultimately be incorpo-
rated into the radiotherapy treatment-planning program.

Related studies include heavy-ion beam characterization
and fragmentation studies; comparisons of physical dose
distributions obtained with different forms of radiation and
different irradiation geometries; studies of brain cell DNA
damage and repair; and studies in animal and human models of
metabolic and physiologic changes induced by radiation.
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SPACE-RELATED RESEARCH AND OTHER STUDIES

Beyond the protection of the Earth’s magnetic shield, cosmic ray
particles consisting of energetic heavy nuclei—mainly the nuclei
of such elements as helium, carbon, nitrogen, oxygen, and iron—
present the major radiation hazard for manned spaceflight. On a
1000-day mission, protected by shielding typical of today’s
spacecraft, more than 10% of an astronaut’s brain neurons
would be hit by particles sufficiently energetic to cause some
form of cell injury. A ground-based research program, pertinent
to the NASA mission, has thus been under way at LBL for
several years, centered around the heavy-ion beams available
from the Bevalac. Along entirely different lines, our bioelectro-
magnetics research program continued in 1988, focusing on the
effects of magnetic fields and of radio-frequency and microwave
radiation on molecular, cellular, and tissue systems. The
ultimate aim is to address health and safety issues related to
emerging technologies that rely on high magnetic fields or on
microwave and rf radiation.

Biophysics of Energetic Heavy Ions

To enhance our understanding of the interactions of cosmic rays
with matter, we recently collaborated in a series of experiments
with researchers from the NASA Langley Research Center in
Hampton, Virginia. The central aim was to obtain compre-
hensive data on the interaction of a beam of 670-MeV /nucleon
neon ions with a water column of different thicknesses. The
electrical charge Z (and, in some cases, the isotopic mass) of
primary beam particles and of the products of nuclear inter-
actions emerging from the column were obtained for nuclei
between beryllium (Z = 4) and neon (Z = 10). We also obtained
the fluence of particles of a given charge, normalized to the
incident beam intensity. Some of the key results are summarized
in Figure 7.

In particular, projections of the data of Figure 7 onto the
“floor” and “back wall” of the graph reveal pertinent aspects of
heavy-ion interactions with matter. The dashed line on the floor
depicts the rise in the average rate of linear energy transfer per
ion as the incident beam approaches the stopping region. This
curve is thus similar to the Bragg curve for pure neon. The solid
circles on the back wall depict the exponential attenuation of the
incident neon due to nuclear interactions in the water; however,
this attenuation in the peak fluence at each depth is greater than
the actual decrease of neon fluence, owing both to the broaden-
ing of each fluence spectrum and to changes in the detector
acceptance as a function of depth. As part of this study, model
calculations were also carried out, based on codes developed at
LBL and at Langley, then compared with the data. Agreement
was excellent in many respects, but the codes failed to accurately

Space-Related Research and Other Studies
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Figure 7. A plot showing the interplay
of variables in a fragmentation experi-
ment at the Bevalac, in which a 670-
MeV[nucleon neon beam impinged on a
water column. At each depth, the
distribution of linear energy transfer
has been plotted. The projection of the
LET peaks is shown as a dashed line on
the “floor” of the plot; it is similar to the
Bragg curve for pure neon. The
projection of the peak intensity onto the
“back wall” indicates the exponential
attenuation of the beam. [XBL 888-
2761]
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predict the distribution of secondary nuclei as a function of
depth. As a consequence, we are currently developing more
sophisticated transport codes, which will lead in turn to a more
refined ability to predict the composition of radiation fields in
matter.

Bioelectromagnetics Research

Several of the activities in the bioelectromagnetics research
group focus on novel applications of electromagnetic fields to
problems in the life sciences. One particularly promising effort
was directed toward the use of pulsed electric and magnetic
tields during liquid chromatography, to enhance the separation
of large biopolymers. We have, for example, separated DNA
molecules of fewer than 50,000 base pairs, which remain
unseparated in the absence of pulsed fields. We have also used
dc magnetic fields and microwave radiation to induce drug-
loaded liposome vesicles to act as “molecular syringes.” In one
experiment, for example, the liposomes could be seen to bind
selectively to the cell surfaces of target lymphocytes, then, when
induced to do so by microwave radiation, to deliver a yellow
fluorescent dye to the blood cells. This technique holds great
promise for controlled drug delivery.

During the past year, we also completed construction of a
9-T magnetic circular dichroism (MCD) spectroscopy system.
Studies are under way to characterize the MCD spectra of living
cells after exposure to ionizing radiation. In Figure 8, a band at
315 nm, perhaps associated with histone-chromatid topology,
shows significant sensitivity to such radiation.

In a final area of study, we are exploring the suggestion
that exposure to steady magnetic fields may produce magneto-



chemical effects or electromagnetic effects in living systems. We
have, for example, looked at ion current across axonal mem-
branes in the sciatic nerves of frogs, during and after a 4-hour
exposure to 7.5-T magnetic fields. Physical models predict
possible changes in the conduction of nerve impulses, but our
studies detected no changes in conduction velocity or action
potential amplitude.

ALS LIFE SCIENCES CENTER

The Advanced Light Source (ALS), now under construction at
LBL, is the first of a third generation of synchrotron light
sources—facilities that produce intense radiation by con-
straining electrons to curved trajectories, forcing them as a
consequence to give up energy in the form of photons. By
relying on special periodic magnetic arrays known as “wigglers”
and “undulators,” and by keeping its circulating electrons
within the bounds of a narrow pencillike beam, the ALS will
produce soft x-rays and ultraviolet light of unprecedented
intensity. For the life sciences, the ALS may open the door to
high-resolution dynamic imaging of biological events and to
practical microholography and x-ray microimaging, as well as
providing a state-of-the-art facility for x-ray crystallography. To
exploit this resource for biology, we have therefore proposed an
ALS Life Sciences Center, whose scope includes construction of
two insertion devices (one wiggler and one undulator); an
undulator beamline equipped for microimaging and micro-
holography; a wiggler beamline equipped for diffraction and
spectroscopy; and 11,100 square feet of fully equipped support
laboratory and office space. The estimated cost of the project is
$25.4 million; it is scheduled to commence in fiscal 1991 and to
be completed in fiscal 1993.

Background of the Proposal

For more than two decades, lasers have dominated the visible
and infrared regions of the electromagnetic spectrum. During
this same period, the most powerful sources of x-ray and
ultraviolet radiation (collectively, the XUV region) have been
synchrotron light sources, where electrons circulating in an
accelerator at relativistic velocities emit light as a by-product of
their motion. Missing so far in the XUV has been light with
many of the useful properties that are associated with the laser.
In essence, the ALS (see Figure 9), now under construction
at the Lawrence Berkeley Laboratory, will provide such light to
the experimental scientist. Though not a laser, the ALS will offer
researchers laserlike radiation of unprecedented brightness at
ultraviolet and soft x-ray photon energies. Following its comple-
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Figure 8. Magnetic circular dichroism
spectra of hamster embryo cells, before
(a) and after (b) exposure to ionizing
radiation. The band at 315 nm is a
protein signal and may be associated
with histone-chromatid topology. [XBL
897-7662]
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Figure 9. Two views of the ALS,
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now under construction. The plan
view shows an initial complement
of insertion devices and beamlines,
as well as the envisioned full set of
60 beamlines. The size of the old
184-Inch Synchrocyclotron enclo-
sure is shown by the circle of I-
beams well inside the storage ring.
The lower illustration is a photo-
graph of a detailed architectural
model of the ALS building. [XBL
881-8810 and CBB 879-7608]
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tion in the spring of 1993, biologists can look forward to a host of
new possibilities for the life sciences, including unprecedented
microscopic views of cells and their substructures in their natural
state, insights into multimolecular aggregates of bioorganic
macromolecules, and even views of physical and chemical
dynamics at high resolution. The ALS and other light sources of
its generation are also certain to bring established methods of
structural investigation, such as protein crystallography and x-
ray spectroscopy, to new levels of technical achievement.

Toward these objectives, we have proposed a Life Sciences
Center at the ALS. This Center will be a unique national
resource for synchrotron-based research in the life sciences,
providing a capability for entirely new lines of investigation.
The Center will include next-generation synchrotron-based
experimental facilities for x-ray microscopy, holography,
spectroscopy, and crystallography, which will make possible the
coordinated application of these techniques to studies in the life
sciences. In addition, and most importantly, it will make it
possible to bring forefront technical developments in physics and
engineering to bear on basic and applied research problems in
biology and medicine. The Center will also house crucial
ancillary biological facilities necessary to make the ALS an
effective resource for broadly based life sciences research.

This proposal was catalyzed during 1988 by the Workshop
on Life Sciences at the ALS, held in February at the University of
California at San Francisco, and by subsequent meetings that
further defined the needs of research biologists. In particular, it
became clear that fully adequate facilities for life sciences
research were not available at any operating synchrotron light
facility. In response, a conceptual design proposal was prepared
for the Life Sciences Center, as a basis for discussion within the
life sciences community. By early 1989, a consensus had
emerged that the Center should be included in the first phase of
a major structural biology facilities initiative proposed by the
DOE’s Office of Health and Environmental Research, and in
February 1989, a full conceptual design report for the Center was
complete.

Research at the Life Sciences Center

The scientific case for a center for life sciences research at the
ALS ultimately rests with the rough equivalence between the
size of the feature one hopes to resolve and the wavelength of the
probing light. Because the wavelength of x-rays is far shorter
than that of visible light, far smaller features can, in principle, be
discerned. If this theoretical equivalence can be approached in
practice, using techniques currently available and others foreseen
for the future, x-rays offer a profound opportunity to deepen our
understanding of biological structure and structure-function
relationships. In addition, beyond this relationship between
resolution and wavelength, x-rays offer other features that make
them particularly valuable as probes of biological matter.

ALS Life Sciences Center
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Figure 10. (a) A schematic diagram of a
Fresnel zone plate. Diffraction from the
variably spaced rings focuses a plane
wave to a small spot whose radius is 1.2
times the width of the outer zone. Ina
collaborative effort between LBL and
IBM, zone plates have now been fab-
ricated with outer zone widths of 40 nm.
(b) An x-ray micrograph of a zymogen
granule (a subcellular secretory struc-
ture extracted from the pancreas of a
rat), obtained at a wavelength of 3.2 nm.
The image shows the general form of the
granule in its watery environment, its
nonuniform nature, and a feature in the
lower right-hand corner of the granule.
The transmitted x-ray intensity can be
used directly to estimate protein
content. [XBL 842-9405D and CBB
881-203E]

Accordingly, the Center’s scientific goals include,
primarily, (i) new applications of x-ray methods already
established and widely used, such as protein crystallography; (ii)
full realization of the promise of newly emerging synchrotron-
based microimaging methods, such as x-ray microscopy and
holography; and (iii) assessing the feasibility of new technical
approaches, such as merging spectroscopy and spatially resolved
x-ray microimaging, and the development of novel means of
extending imaging resolution toward theoretical limits.

The greatest new scientific opportunity for the life sciences
at the ALS will be afforded by the construction of x-ray micro-
scopes and holographic imaging devices of a character and
degree of development not heretofore possible. In conjunction
with novel approaches for improved resolution, the promise of
high-resolution microscopic x-ray imaging appears to be within
reach. Even imaging techniques currently available at second-
generation synchrotron radiation sources permit examination of
biological material in its natural state at resolutions never before
achieved (Figure 10), and resolution may approach 10 nm by the
time the ALS is commissioned. Imaging with soft x-rays—x-rays
with wavelengths between roughly 1 and 5 nm—can be
“natural” because (i) such radiation can penetrate objects several
micrometers thick, and thus sectioning can be avoided; (ii) the
object can be viewed while suspended in water at atmospheric
pressure and body temperature; and (iii) water is transparent in
the soft x-ray “water window” (between 2.3 and 4.4 nm),
whereas various elements normally present in biological
material, particularly carbon and nitrogen, absorb x-rays at the
same wavelengths. This last virtue allows for contrast based on
spatially resolved variations in the concentrations of natural
substances, rather than by adding foreign ones.

In addition, the presence of discrete absorption edges for
elements of biological interest in the x-ray domain opens the
door to the possibility of elemental mapping, a technique that
would exploit differences in elemental absorption at different
wavelengths. Not only will it be possible to measure quantita-
tively the presence of particular elements in a spatially resolved
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fashion, but also organic chemical content can often be usefully
determined from elemental information. More generally, if
combined with spectroscopy, this method has the potential to
provide a variety of direct information regarding the chemical
form and reactive state of specific bioorganic molecules within
the cell, as well as within isolated substructures.

X-ray spectroscopy has an excellent record of achievement
in several areas of biological, biochemical, and biophysical
research, and the parameters of the ALS offer exciting new
opportunities in this area as well. Central to x-ray spectroscopy
is the ability to associate spectral features with particular
elements, or even elemental states. This is generally done by
examining spectral features near particular elemental absorption
edges or by means of fluorescent emission. The extra capabilities
that the ALS will bring to such methods as EXAFS and XANES
include the investigation of very dilute materials and the analysis
of material that is spatially localized within some particular
sample feature—a combination of microimaging and
spectroscopy.

The ALS will provide photons in two energy regions that
will be at the forefront of innovative biological spectroscopy.
The first regime is that from 2 to 4 keV, which contains the K-
edges of the elements phosphorus, sulfur, chlorine, potassium,
and calcium, all of great importance and interest in biology. The
second energy regime of particular interest is between 0.3 and 1.2
keV, where one finds the L-edges of the first series of transition
elements, almost all of which are biologically important, as well
as the K-edges of important light elements. It is in this range that
the undulators planned for the ALS offer the greatest promise for
high brightness, and the ability to carry out spatially resolved
spectroscopy for elements in this region would be of important
potential value.

A final area of promise at the ALS is x-ray diffraction and
scattering. Most of the detailed information that we have
regarding the detailed structure of the two central classes of
biological macromolecules—nucleic acids and proteins—is
derived from analyses of the diffraction patterns produced by
passing x-ray beams through crystalline arrays of these struc-
tures. In addition, our modern ideas about the transmission of
genetic information, as well as our notions about the catalytic
functions of enzymes, owe a great deal to x-ray crystallographic
studies of biological macromolecules. An impressive example of
x-ray diffraction work is the structure of the c-H-ras oncogene
protein, described on pages 58-59.

Despite being optimized for the production of soft x-rays,
the ALS is nonetheless well-suited for x-ray diffraction studies at
the shorter wavelengths (0.15 nm) required for the satisfactory
resolution of macromolecules. Indeed, careful comparisons have
been carried out between the ALS W13.6 wiggler and two
established crystallography sources: the Al wiggler at the
Cornell synchrotron radiation facility and the Beamline 7.1
wiggler at SSRL. At a 10-keV photon energy, all three of these

ALS Life Sciences Center
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sources produce essentially the same flux; however, the bright-
ness of the ALS source is significantly better (theoretically, as
much as 100-fold better) than the other two. (Recently commis-
sioned sources at these facilities are brighter than the older
sources, though still not as bright as the ALS wiggler is expected
to be. Their fluxes are roughly comparable to those of the
sources used in the comparison.) For some experiments, flux is
the more important parameter of merit, but in others—for
example, a measurement on a small crystal with a large unit cell
(say, a virus)—brightness can give the ALS a considerable
advantage.

The use of undulator radiation for soft x-ray scattering
studies also offers great promise. The ability to match the
wavelength of radiation in the soft x-ray and far UV regime to
the characteristic size of various biological forms provides a
powerful new probe into the microstructure of living organisms
on a size scale ranging from one to hundreds of nanometers. In
addition, the use of radiation with controlled polarization
provides a way to study the symmetry and response of
important biological systems.
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' MOLECULAR
' BIOLOGY

I N 1987 AN LBL TASK FORCE REPORTED
its findings with regard to the organization of life sciences
research at the Laboratory. Among its conclusions was the
view that providing “aggressive programmatic leadership
within the area of cell and molecular biology . . . [is] the
single most urgent issue that should be addressed. ... The
need to provide such leadership . . . leads naturally to the
conclusion that cell and molecular biology should in the
future be organized under its own separate administrative
entity.” This recommendation both recognized the excel-
lence of ongoing research at LBL and argued for its
expansion.

Accordingly, in 1988 the Cell and Molecular Biology
Division was established to pursue multidisciplinary basic
research in the broad areas of gene expression and molec-
ular genetics. Its activities encompass a wide range of
research topics, from studies of macromolecular structure
by electron crystallography to research on mechanisms of
carcinogenesis and the use of the Bevalac to study basic
radiation biology. All of the efforts, however, are united
by their ultimate focus on understanding how an organ-
ism’s genomic program is expressed and regulated, how it
maintains itself, how it is affected by radiation and toxic
substances, and how it goes wrong in tumorigenesis.

The Cell and Molecular Biology Division is also the
administrative home of the Human Genome Center, one of
two DOE-designated centers for research aimed at ulti-
mately mapping and sequencing the human genome. In
line with the DOE'’s strategy for developing advanced tools
for the effort before undertaking large-scale mapping or
sequencing programs, the Center is the focus of related
activities in several LBL divisions, including Engineering,
Materials and Chemical Sciences, and Information and
Computing Sciences, as well as the life sciences divisions.
The connection to Cell and Molecular Biology is a natural
one: Once the human genome project bears its ultimate
fruit, the real work can begin, namely, deciphering in
detail the intricate puzzle of gene expression.

“. .. all efforts focus on
learning how an organism’s
genomic program is
expressed and regulated,
how it maintains itself, how
it is affected by radiation
and toxic substances, and
how it goes wrong in
tumorigenesis. . . .”
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RADIATION BIOLOGY

Studies in radiation biology serve as a firm link to the history of
life sciences research at LBL, as well as a bridge to the radio-
therapy and radiosurgery programs in the Research Medicine
and Radiation Biophysics Division (pages 8-10). At the same
time, they are closely tied to our studies of carcinogenesis and
DNA repair. As it has for a decade and a half, much of the
interest at LBL remains fixed on heavy ions, which, compared
with x-rays, transfer large amounts of energy to the surrounding
medium over very short distances at the end of their paths.
Ongoing research extends from efforts to better characterize the
physics of this energy deposition to experimental and theoretical
attempts to understand the processes by which it can lead to
carcinogenic transformation.

Radiological Physics

As a result of our work through 1988, we now have a reasonable
understanding of the microscopic pattern of average energy
deposition in media such a water, as well as the radiation
chemistry that follows. As a result, we believe that character-
izing energy deposition in volumes with nanometer dimensions
is critical for understanding radiation-induced DNA damage.
Our present studies thus focus on evaluating the magnitude of
energy deposition at various “sites,” such as sugars and bases,
for different kinds of radiation. Using the existing estimate for
the oscillator strength distribution, which is poorly known, we
have made significant progress in characterizing ionization
events at sugar sites, together with the subsequent strand breaks.
We have also made plans to measure the oscillator strength
distribution, using the Advanced Light Source, to increase our
confidence in this important physical parameter.

Cellular and Molecular Radiobiology: Effects of Heavy Ions

In seeking to understand the effects of radiation on genetic
material, we have focused much of our effort in three areas:
detection of radiation-induced DNA damage and repair,
investigation of the LET dependence of chromatin breaks and
rejoining, and evaluation of neon-ion-induced rearrangements in
a single human chromosome. The second of these studies aims
to uncover the mechanistic basis for the well-established
observation that the effectiveness of radiation in killing cells
depends greatly upon its LET value. The so-called relative
biological effectiveness rises to a broad peak in the range of 100~
200 keV /pm, then steadily decreases. If we postulate that un-
repaired or misrepaired chromatin breaks are the only lesions
that influence cell survival, we can perhaps unravel the LET



dependence of cell killing by looking separately at the damage
and repair processes. This is made possible by a technique called
premature chromosome condensation, which allows us to halt
cellular processes and examine chromatin breaks in individual
cells. The results illustrated in Figure 11, for example, show that
the kinetics and the extent of chromatin-break rejoining depend
on the LET of the radiation causing the breaks.

Radiation-Induced Cell Mutation and Neoplastic
Transformation

Apart from cell death, genetic damage caused by ionizing
radiation can have a second, and more insidious effect: cell
mutation and cancerous proliferation. Our approach to studying
this process has several facets. One project focuses on the dif-
ferences between radiation-induced mutations at two human
genetic loci, TK and HPRT. How do the relative “yields” of these
mutations depend on the density of energy deposition and how
do the mutational mechanisms differ? A second effort centers
around some of the events that accompany cell transformation:
(i) chromosomal alterations in the vicinity of known proto-
oncogenes, probed by means of in situ hybridization techniques;
(ii) the appearance of restriction-fragment-length polymorphisms
in the same region; and (iii) changes in gene expression, as
measured by changes in RNA levels. An early result of this
second project is the finding that two primary ionization events
within 80 A in DNA appears to cause oncogenic cell transfor-
mation. Finally, in a third area of interest, we are looking at
tumorigenesis in several systems, with the aim of relating
relative biological effectiveness to particle LET, track structure,
and other physical parameters.
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Figure 11. A plot showing the time
course of chromatin-break rejoining in
CHO-tsH1 cells, after exposure to four
types of radiation. Each curve shows a
fast initial phase of damage repair,
followed by a slower phase. Both the
kinetics and the extent of break
rejoining depend on the value of linear
energy transfer for the damaging
radiation. [XCG 884-6604A]
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Figure 12. A schematic depiction of a

mechanism for repair of DNA damage.

The section around a thymine dimer, a
common product of damage caused by
ultraviolet radiation, is first excised,
then repaired by using the intact
complementary strand as a template.
[XBL 897-7663]
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DNA DAMAGE AND REPAIR

The release of a normal mammalian cell from the restraint of
differentiation, controlled cell division, and a finite life span
produces a cancer cell. The succession of steps that produces this
transformation from normal to cancerous cell is not well-
understood, but research efforts in many areas of cell and
molecular biology, including the studies in radiation biology
outlined above, suggest a requirement for repair of DNA damage
if carcinogenesis is to be prevented (see Figure 12). Unrepaired
single base-pair substitutions, for example, are among several
mechanisms apparently capable of “turning on” oncogenes, and
individuals with genetic-repair-deficient diseases are extremely
cancer-prone. Our activities in the area of DNA damage and
repair include research on how structural constraints and
functional organization of the cell’s genome affect repair
processes, cloning of human DNA repair genes by complemen-
tation of the defect in human repair-deficient cells, studies of
inducible responses to DNA damage, and in vitro studies of
replication of damaged DNA templates. Significant effort also
centers around research with yeast: We devote significant effort
to understanding recombination repair and mitotic recombi-
nation in Saccharomyces cerevisiae, we maintain a unique yeast
stock center as an international resource, and we regularly
update our widely used compilation of yeast genetic mapping
data.

Constraints on the Processing of DNA Damage

Several projects in the area of DNA damage and repair focus on
how DNA sequence, replication forks, and functional genomic
organization affect the processing of DNA damage. The muta-
genic or lethal consequences of any particular lesion in DNA
depend on cellular processing of that lesion, often by responses
that are induced by the damage itself. A damage-inducible
repair process in E. coli—long-patch excision repair—has been
shown to be of general importance in a cell’s resistance to lethal
and replication-blocking effects of DNA damage. Results from a
variety of experiments in our labs have suggested that the
inducible process is required for repair of lesions near DNA
replication forks, where structural constraints might hinder
normal, or “constitutive,” excision repair. We recently devel-
oped a two-dimensional agarose gel electrophoresis technique
for resolving DNA fragments containing replication forks from
linear DNA fragments, and we have now used it to obtain
evidence that lesions in the vicinity of replication forks require
the induced long-patch process for their repair.

We are now attempting to understand the mechanism by
which the induced process deals with the structural constraints



imposed by the blocked replication forks and to identify the
induced proteins that are required. Various considerations
suggest that lesions subject to long-patch repair might be those
immediately behind the fork, and we are directing several
approaches toward determining whether the long patches are
preferentially located on the leading or the lagging strand.
During the past year, we established a requirement for the direct
participation of recA protein, in addition to some other as-yet-
unidentified protein. In one model of the repair process, lesions
introduced into parental DNA on the side of the lagging strand
are unrepairable constitutively because of their single-stranded
configuration, but the recA protein functions to place the
partially replicated parental strands in alignment with each
other, essentially by D-loop formation, so that the intact strand
can function as a template for repair synthesis on the damaged
strand. Future directions include the testing of this and other
models. In addition, we are currently applying our two-
dimensional gel technique to test whether the variant form of the
human genetic-repair-deficient disease xeroderma pigmentosum
is defective in the processing of lesions in the vicinity of
replication forks.

Inducible Responses to DNA Damage

Another area of interest is the inducible responses, including
enhanced tolerance, that can occur in cells following exposure to
DNA-damaging agents. The long-term goal of our work with
alkylating agents, for example, is to define the biological effect of
specific carcinogen-DNA adducts and the role of particular
cellular responses in overcoming these defects.

One DNA adduct formed by alkylating carcinogens, which
seems to be primarily responsible for the mutagenic and carcino-
genic effects of these agents is Ob-methylguanine (OMeG). Fast
removal of such an adduct should be particularly important for
the cell, and many cells, denoted Mex*, do indeed have a special
repair system for this lesion. Cells that do not repair O®MeG are
called Mex™, and they are typically more sensitive than Mex*
cells to the cytotoxic effects of monofunctional alkylating agents
such as N-methyl-N -nitro-N-nitrosoguanidine (MNNG) and
bifunctional alkylating agents such as chloroethylnitrosourea
(CNU). Using a human cell line named MR, which has the Mex~
phenotype, we found that the phenotype of these cells can be
permanently altered in two different ways by treating them with
a highly toxic dose of an alkylating agent: (i) Cells surviving
multiple doses of CNU become resistant to CNU by reverting to
the Mex* phenotype; (ii) most cells surviving a highly toxic dose
of MNNG become resistant to MNNG, even though they are still
deficient in repair of 0%MeG, that is, they are still Mex™. These
two responses are illustrated in Figure 13. This finding suggests
that the Mex™ phenotype is due to a regulatory change in the
cells, so that the gene coding for the O°MeG repair protein is not
expressed.

DNA Damage and Repair
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To seek the cause of MNNG resistance in the resistant
Mex~ variants, we isolated a number of cell hybrids combining
sensitive and resistant Mex™ cells or combining sensitive Mex™
and Mex* revertants. Survival of these hybrids after MNNG
treatment showed that Mex* resistance is dominant, whereas
MNNG resistance of Mex™ cells is recessive. The different
regulation of MNNG resistance of Mex* and resistant Mex™ cells
indicates a different biochemical basis. In a collaboration with
Jeffrey Baker of UC Berkeley, we also determined intracellular
levels of adenyldinucleotides (the so-called alarmones) after
MNNG treatment. Increased levels were found only in resistant
cells. However, an increased alarmone level alone is not
sufficient for MNNG resistance, but rather seems to indicate a
different means of processing alkylation damage in MNNG-
resistant cells. We will pursue the characterization of these
resistant variants by attempting to isolate damage-induced
transcripts by hybridization subtraction of mRNA from
untreated cells to cDNA from MNNG-treated cells. Transcripts
that are increased in response to MNNG will be cloned into
vectors and further characterized.
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Figure 13. Plots showing the response
of human MR cells to N-methyl-N -
nitro-N-nitrosoguanidine (a) and
chloroethylnitrosourea (b). Reversion of
sensitive cells to a resistant phenotype
can occur by two mechanism, one
(curves labeled 1) that restores the
ability to repair the damage caused by
alkylating agents and a second (curves
labeled 2) that leads to tolerance of
MNNG but not CNU. [XBL 897-7664]



Differentiation and Carcinogenesis
DIFFERENTIATION AND CARCINOGENESIS

One of the deepest mysteries of gene expression is how cells with
identical genetic programs differentiate during the maturation of
complex organisms. Accordingly, the generation of tissue
specificity—and its loss during malignancy—are among the
pivotal research themes in modern biology. In our own research
in this broad area, we are taking several approaches. The most
important has been to culture human and murine mammary
epithelial cells as systems for the study of normal growth,
differentiation, and transformation. In particular, we are
interested in the role of cell-cell and cell-matrix interactions in
gene expression and differentiation in these systems. Another
approach to the same broad issue of differentiation and
oncogenesis is to use avian virus systems to study critical
features of oncogene expression and the influence of environ-
mental factors. And finally, we are intensively studying the
process of hemopoiesis—the differentiation of blood cells from a
pluripotent precursor—as a model for the processes that take
place during embryogenesis.

Biology of Human Mammary Epithelial Cells

The central goal, and primary achievement, of our research on
human mammary epithelial cells has been to establish a well-
defined culture system that can be used for widespread inves-
tigations of epithelial cell development. Indeed, we have
established a normal cell population capable of long-term
growth, which has the characteristics of a stem cell population:
Its phenotype can be modulated in culture by age, medium
components, and the nature of the substratum. With this
common resource now available, significant new findings are
emerging from a number of laboratories, including insights into
the normal mechanisms that control proliferation and differen-
tiation, as well as how these normal processes are altered in
immortal cell lines and in the process of malignant transfor-
mation. In our own labs during the past year, work has focused
on the role of growth factors and protooncogenes in cell prolif-
eration and on the interaction of epithelial cells with the pro-
carcinogen benzo[a]pyrene (BaP).

We previously showed that human mammary epithelial
cells readily convert BaP to its ultimate carcinogenic form, BPDE
(benzo[a]pyrene-7,8-dihydroxy-9,10-epoxide), whereas fibroblast
cells from the same tissue are much less capable of this reaction.
More recently, we identified a previously uncharacterized BaP
metabolite as 7-hydroxy benzo[a]pyrene and found that it is an
extremely potent and selective inhibitor of the conversion of BP-
diol to BPDE—the key step in the activation process. It thus
appears that the activation of BaP in human mammary epithelial
cells is self-limited through a novel feedback inhibition
mechanism.

31



CELL AND MOLECULAR BIOLOGY

Figure 14. (a) A photomicrograph of a
sectioned alveolus from a lactating
murine mammary gland. (b) A
photomicrograph of the structure
formed by disaggregated cells grown on
a reconstituted basement membrane
(extracellular matrix, or ECM) obtained
from a murine tumor that overproduces
ECM. The reaggregated cells secrete
milk proteins into the central lumin.
Thus, the ECM allows cells to
recapitulate both morphological and
functional differentiation. [CBB 897-
5601
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Cell-Cell and Cell-Matrix Effects

Almost all organs are composed of at least two tissue compo-
nents, epithelial parenchyma and mesenchymal stroma.
Interaction between these two tissue components is crucial to
proper development and morphogenesis, and to maintenance of
the differentiated state. Any disturbance to this interaction can
lead to uncontrolled growth, aberrant tissue behavior, and
carcinogenesis. Using mammary gland tissue from the mouse,
we have looked at the role of the extracellular matrix in cell
differentiation, and we have studied the role of epithelial cell
polarity.

Among our findings, we showed that the extracellular
matrix (ECM) shares with hormones the responsibility for
regulating histogenesis and gene expression. Floating collagen
gels, glutaraldehyde-fixed reconstituted basement membranes
(so-called EHS matrixes), and unfixed EHS matrixes induce
production of high levels of transferrin and caseins, but only the
unfixed EHS matrix allows expression of whey acidic protein.
We also demonstrated a dramatic effect of the ECM on the
architecture of the epithelial cells in culture. On the EHS
basement membrane, as shown in Figure 14, disaggregated cells
form alveoluslike structures remarkably similar to physiological
structures.

Viral Carcinogenesis

Our knowledge of the genetics and molecular structure of RNA
tumor viruses is not matched by our understanding of viral
carcinogenesis. Whereas cell lines and tissue culture models
have been very fruitful in addressing aspects of viral transfor-
mation, the answer to how viruses cause cancer must come from
studies in vivo. We are therefore using a replication-defective
avian Rous sarcoma virus to study expression and inhibition of
tumorigenesis in chick embryos. One dramatic result of the past
year was the finding that the embryonic environment of the
chick suppresses the oncogenic potential of the viral gene. After




4-day-old chick embryos are microinjected with the virus, we
readily detect evidence of viral integration and replication, as
well as expression of the active oncogene; nonetheless, embry-
onic development proceeds normally. In related studies with
newborn chicks, we have also found that wounding plays a role
as a co-carcinogen in tumorigenesis following injection with the
Rous sarcoma virus.

Hemopoiesis

Hemopoiesis—or hematopoiesis—is a paradigm for the
proliferative and developmental potential of undifferentiated
stem cells, and thus a natural theme for research into the
regulation of gene expression. Blood-cell precursors give rise in
the bone marrow to erythrocytes (red blood cells), thrombocytes
(blood platelets), and a variety of leukocytes (white blood cells).
This process of differentiation and its many ramifications
constitute a significant focus of our activities. Specific projects
include the study of the hormonal control of erythropoiesis, the
cloning and molecular characterization of red-cell membrane
proteins, studies on the regulation of platelet production,
research on the immunologic regulation of hemopoiesis, the use
of transgenic mouse systems to study hemoglobin disorders such
as sickle cell anemia, and efforts to understand the hematologic
and immunologic consequences of malarial parasite infection.

The work with transgenic mice has borne especially
notable results. In particular, we have created the first transgenic
organism to carry the human sickle cell gene—a crucial step
toward the development of an animal model for sickle cell
anemia. Pronuclei are injected with a cloned fragment of human
DNA that contains the hemoglobin-S gene. Fertilized eggs that
survive a night in culture and divide into two-cell embryos are
then implanted into a surrogate mother. Newborn mice are
screened for human DNA, and those containing human DNA
sequences are then tagged for study. About one out of every 100
eggs injected becomes a transgenic mouse, and about half of the
offspring of these mice are also transgenics.

These transgenic mice produce hemoglobin-S proteins, the
mutant form of hemoglobin responsible for sickle cell anemia,
but there is no sickling of their blood cells. The interaction
between a mutated beta and an alpha chain leads to pathological
polymerization in humans. In mice, however, human beta-S
chains interact with alpha chains to form functional hemoglobin
molecules. Two approaches are being taken to correct this
problem. One is to introduce genes that will express human
alpha, as well as beta-S, hemoglobin chains in the mouse. The
second approach is to genetically engineer a human hemoglobin
beta chain that will polymerize more readily than beta-S.

Another dramatic finding of the past year was the
discovery that the severe anemia responsible for death from
acute malaria is caused in large part by a protein, tumor necrosis
factor (TNF), produced by the host’s own immune system.

Differentiation and Carcinogenesis
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Malarial anemia can thus be reversed in mice by giving infected
individuals an antibody to TNF, a protein synthesized by
macrophages. Also, we showed that administering TNF to
healthy mice leads to a reduction in erythrocyte precursors.
Extension of this work to humans would have dramatic health
implications, since malaria strikes between 200 and 300 million
people each year, killing about 1.5 million.

MACROMOLECULAR STRUCTURE

An understanding of molecular structure and even cellular
architecture is an integral part of any complete picture of how a
cell’s genetic program is regulated and expressed. Accordingly,
we are actively pursuing an enhanced structural picture of
selected cellular components, emphasizing in particular the use
of electron crystallography. One subject of special interest is a
family of membrane proteins involved in the selective transport
of ions across the cell membrane. For the study of such proteins,
electron crystallography has unique appeal, since, unlike x-rays,
electrons can be easily focused to produce a high-resolution
image, in addition to yielding diffraction data. Because of the
high scattering cross section for electrons, this method also offers
a unique opportunity to study membrane proteins in a native
lipid bilayer environment. Also part of our efforts are studies
using video-enhanced light microscopy and (with members of the
Chemical Biodynamics Division) light microscopy using linearly
or circularly polarized light. Among applications of the former
technique are studies of intracellular organelle transport, where
organelles can be seen as they move along individual
microtubules.

The outer membranes of Gram-negative bacteria, such as E. coli,
contain a high density of pore-forming proteins, which are often
called porins. One such protein, PhoE porin, is expressed under
conditions of phosphate starvation and has been shown to favor
the transport of phosphate-containing compounds and nega-
tively charged molecules. We previously reported the three-
dimensional structure of this protein, at a resolution of about 18
A, and we proposed a 3-D model of PhoE porin (see Figure 15).
Each funnellike structure in our proposed model is thought to
comprise a large water-filled vestibule, leading to a narrower
extension. The vestibule wall is formed by §5-sheet, with a large
fraction of the $3-strands perpendicular to the membrane plane.
We have now recorded high-resolution images of
trehalose-embedded PhoE porin that dramatically support our
proposed model. The predominant feature of the reconstructed
images (also shown in Figure 15) is a trimer of ringlike struc-
tures. Each “ring” is the end-on projection of the f3-sheet that



Projection of trimeric
protein at resolution
of 35 &

Image reveals 3-sheet
spacing of 45 to 5 &

forms the vestibule wall. The rings consist of “beads” with an

interbead spacing of about 4.5-5 A, which is consistent with the
4.8-A spacing between strands of a -sheet. These beads can
therefore be interpreted as projections of the 3-sheet strands
along the strand axis. At the center of the trimer, there is a low-
density region that has been proposed to be the site of lipo-
polysaccharides.

We have also made progress toward similar results with
other membrane proteins. We recently solved the specimen
flatness problem that has hindered work with bacteriorhodopsin,
and we have begun collecting images from highly tilted spec-
imens. Using this data, we will soon be able to reconstruct a
high-resolution three-dimensional map, in which, for the first
time with electron microscopy, the path of the polypeptide chain
will be visible. Crystallization efforts have also begun on the
adenyl nucleotide transporter from beef heart, Ht-ATPase from
plant cells, and halorhodopsin, a light-driven chloride pump.

Macromolecular Structure

Figure 15. A proposed three-
dimensional model for the bacterial
pore-forming protein PhoE porin,
together with a reconstructed high-
resolution image showing the protein’s
trimeric structure. The model was
proposed on the basis of lower-
resolution data; the latest data, which
provided the projected image at a
resolution of 3.5 A, supports the picture
of pore walls constructed from parallel
strands of f-sheet. [XBB 893-1467 and
XBL 886-2204A]
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Figure 16. A schematic drawing of the
major lipoprotein pathways involved in

atherosclerosis. Hydrolysis of triglyc-
eride-rich VLDLs produces smaller
particles, including intermediate-
density lipoproteins (IDLs) and low-
density lipoproteins (LDLs), that

transport most of the blood’s cholesterol.

LDLs that are abnormally modified in

the blood are thought to be taken up by

arterial macrophages, which then give
rise to the foam cells that are the
beginning of the atherosclerotic lesion.
The HDLs, the so-called good lipo-
proteins, associated with apoAl and
apoAll, are believed to remove excess
cholesterol from cells with the help of
apoE. [XBL 897-7665]

LIPOPROTEINS AND ATHEROSCLEROSIS

A growing program at LBL focuses on the structure and
metabolism of plasma lipoproteins and their relationship to the
development of coronary artery disease. Because of their reliance
on the technigues of molecular genetics, these studies were
carried out in the Cell and Molecular Biology Division through
1988. They now continue in the Molecular Medicine Group of
the Research Medicine and Radiation Biophysics Division. The
studies focus mainly on the physical and chemical characteristics
of the several major classes of lipoproteins, together with their
genetic determinants, cellular origins, and metabolic
transformations.

The complex relationships among the major lipoprotein sub-
classes is well-illustrated in Figure 16. Furthermore, many
features of this scheme remain incompletely understood, and it
does not yet incorporate all the factors that have been implicated
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in lipid transport by the blood and in atherosclerosis. Nonethe-
less, progress in elucidating this complicated scheme has been
greatly facilitated by the availability of most of the pertinent
structural and regulatory proteins. In addition, the genes for
many of these proteins have been identified and cloned, leading
to a new era in the application of molecular genetics to the
understanding of lipoprotein physiology and pathology.

A primary focus during the past year has been investi-
gation of pathways and mechanisms for the origins of both large
and small species of high-density lipoproteins (HDLs). Increased
plasma levels of large species of HDL are generally associated
with increased plasma concentrations of HDL-cholesterol. In the
U.S. population, levels of HDL-cholesterol are, in turn, inversely
correlated with the risk of coronary heart disease. Interest in
small HDL particles is based principally on their likely role in
initiating the transport of cholesterol from peripheral cells to the
liver for excretion, a process called “reverse cholesterol
transport.”

To better understand the synthesis and secretion of HDL
by the liver, we are studying the metabolism of de novo syn-
thesized HDL secreted by the highly differentiated human
hepatoma—derived cell line, Hep G2. Our studies suggest that
HDLs secreted by Hep G2 cells are excellent models for elu-
cidating the role of lecithin:acyltransferase (LCAT) in lipoprotein
metabolism. This enzyme, in conjunction with HDL, plays a key
role in reverse cholesterol transport. To examine the role of
specific HDL subpopulations in this process, well-defined in
vitro HDL analogs are being used as substrates for enzymes and
transfer proteins that are known participants in cholesterol
metabolism.

Considerable attention has also been given to the low-
density lipoproteins, since several different subclasses have been
identified within the LDL spectrum. These subclasses are
characterized by differences in size, density, and lipid and
protein composition. Further, analyses of plasma LDLs in large
numbers of human subjects have found considerable variability
in the distribution patterns of individual LDL subclasses. These
patterns can, however, be grouped into two distinct categories,
which we have designated LDL subclass patterns A and B
(Figure 17). Pattern A is found in 60-70% of normal subjects,
pattern B in 30-40%, and an intermediate pattern is observed in
up to 10% of the population.

In the past year, we established that pattern B is produced
by a dominant allele at a single genetic locus, which has a pop-
ulation frequency of 0.25. This trait is fully expressed in men
after the age of about 20 and in women after menopause,
indicating the importance of developmental and hormonal
factors in the production of this lipoprotein profile. We also
showed that this trait is strongly linked with increases in levels
of triglyceride-rich lipoproteins in the blood and of intermediate-
density lipoproteins (IDLs), and with relative reductions of HDL
levels. These changes all tend to increase atherosclerotic risk,
and for this reason, the newly discovered gene has been desig-

Lipoproteins and Atherosclerosis
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Figure 17. Gradient gel electrophoresis
patterns for two distinct patterns of
LDL subclasses. These subclasses,
designated I, II, and 11, differ in size,
density, and lipid and protein com-
position. Subclass pattern B, which is
produced by a dominant allele at a
single genetic locus, is linked to a
significantly increased risk of heart
attack due to atherosclerosis. [XBL 897-
7666]
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nated ALP (Atherogenic Lipoprotein Profile). The increased
coronary disease risk predicted for individuals carrying this gene
has already been confirmed by a case-control study showing a
two- to threefold increased risk for acute myocardial infarction in
individuals with LDL subclass pattern B.

The biochemical basis for the differing LDL subclass
patterns is, as yet, not understood. One hypothesis suggests that
phenotype B is associated with an altered carbohydrate synthetic
pathway in the liver, which may in turn be linked to variations in
hepatic LDL metabolism. A second possibility is that “quan-
tized” LDL size transformations are the result of the dissociation
of apoproteins and lipids from LDL particles. Both of these
models are currently under investigation.

Other studies are likewise aimed at ultimately under-
standing the relationships of fatal coronary heart disease to
lipoprotein subfractions and other established risk factors. One
such is a prospective epidemiologic study of 1961 men and 423
women who were employed at the Lawrence Livermore
National Laboratory between 1954 and 1957. Our study will
extend earlier investigations to 30 years of follow-up. Prelim-
inary analyses suggest that strong relationships exist between
lipoprotein subfraction measurements and the subsequent
development of heart disease and stroke. Another longitudinal
study involves a distinct lipoprotein species, designated Lp(a),
whose relationship to coronary heart disease has been studied
for over 25 years. The relationship of Lp(a) and other lipoprotein
subfractions to the progression of coronary artery disease was
examined in collaboration with David Blankenhorn and
colleagues at the University of Southern California School of
Medicine. Analyses were carried out on 39 subjects, who
participated in a two-year trial of drug vs placebo treatment for
hypercholesterolemia. In the 19 patients who received drug
therapy, Lp(a) concentrations were highly correlated with
coronary artery disease progression. A high-molecular-weight



and high-density subfraction of Lp(a), for which the correlation
was strongest, thus appears to be a good predictor of athero-
sclerosis progression in individuals undergoing vigorous drug
therapy for hypercholesterolemia.

HUMAN GENOME CENTER

In the three years since early 1986, the “human genome project”
has emerged from relative obscurity to a place of unique prom-
inence in the minds of both biologists and laymen. It is a project
that has gained a widespread scientific commitment unprece-
dented in the life sciences community, but with its promise of
new knowledge about ourselves, it has also captured the public
imagination. Coordinated effort on the human genome project
began in earnest only with the beginning of fiscal 1988, when the
DOE designated LBL and the Los Alamos National Laboratory
as Human Genome Initiative research centers and provided
funding for multidisciplinary research. LBL's Human Genome
Center was our response to this mandate. Its first year was
marked by the appointment of Charles R. Cantor as director, by a
proposal for a critically needed new laboratory building, and by
dramatic evidence of the importance of coordinated efforts by
engineers and computer scientists, working together with
biologists.

The Human Genome Project: A Short History

One can imagine “understanding” the human genome at several
levels of detail. At the coarsest level, we might seek to determine
the whereabouts of the most important human genes—at least to
the point that we could assign each to a specific chromosome.
This kind of low-resolution mapping has, in fact, now been done
for more than a thousand genes. At the next level, the goal
might reasonably be to map the genome at some higher
resolution—perhaps to establish for every human gene a
chromosomal location that is accurate to within a million base
pairs. In this area, we have made the barest start. At a still
deeper level lies the “Holy Grail” of biology, the dream of
sequencing the human genome. The result would be a string of
three billion characters, representing the sequence of base pairs
that defines our species. Included, of course, would be the
sequence for every gene, as well as the sequences for the much
greater lengths of DNA that have no known function. Should
anyone undertake to print it all out, the results would fill 200
volumes the size of the Manhattan phone book.

In a sense, though, even a complete genome sequence is
only the beginning of “understanding.” The deepest mystery is
how the potential of 100,000 genes is regulated and controlled,

Human Genome Center
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how blood cells and brain cells are able to perform their separate
functions with the same apparent genetic program, and how
these and countless other cell types arise in the first place from
an undifferentiated human embryo. A first step toward solving
these subtle mysteries, though, is a more complete physical
picture of the master molecules that lie at the heart of it all.

The birth of the “human genome project” can be traced to
a 1986 gathering in Santa Fe, New Mexico, where scientists met
to ponder the feasibility of sequencing the human genome by the
year 2000. The overwhelming, and somewhat surprising,
consensus was that such a goal was not only meritorious, but
also within practical reach. The U.S. Department of Energy,
which had sponsored the Santa Fe meeting, responded to its
outcome by announcing in April 1986 preliminary plans for a
Human Genome Initiative. In the fall of 1987, the availability of
funds for this Initiative signaled a national commitment to the
project, and the Department designated the Lawrence Berkeley
Laboratory and the Los Alamos National Laboratory as Human
Genome Initiative research centers. By September 1988, the
National Research Council and the Congressional Office of
Technology Assessment had released reports endorsing the
effort to map and sequence the human genome, and the
international Human Genome Organization had been
established to coordinate worldwide efforts. Within three years,
a vision had become an acknowledged national, even
international, priority.

Work at LBL is thus only part of a broad international
effort that will dramatically enhance our understanding of
human molecular genetics before the end of this century. In this
country, the bulk of the effort will be be carried out under the
auspices of the Department of Energy and the National Institutes
of Health, but significant contributions have already been made
both by nonprofit private foundations and by private corpora-
tions. The crucial role of the DOE will be to exploit its unique
experience in managing large projects and to coordinate multi-
disciplinary research at its national laboratories, repositories of
expertise in physics, engineering, and computer science, as well
as the life sciences. The tools and techniques the project will
ultimately rely on are thus likely to be developed at laboratories
like LBL.

Accordingly, current DOE efforts aim primarily at
“resource and technology development.” This recognizes the
current state of technology and the realistic needs of a full-scale
mapping effort. With the tools now available, mapping the
entire human genome at high resolution would be a painfully
slow, labor-intensive, and inordinately expensive undertaking.
As a consequence, the emphasis today is twofold. First is the
development of analytical and computational resources: better
ways to physically manipulate large fragments of DNA, fast and
economical (read “automated”) methods for ordering these
fragments, and a greater facility for storing and handling the
resulting huge quantities of data. Second is the actual construc-



tion of an ordered library of cloned DNA fragments. The sum of
these fragments, each originating in a human cell but propagated
as a clone by genetic engineering techniques, would constitute a
reference human genome. With the technological tools in hand
and with the subject of study readily available, a full-scale
mapping effort could then begin—even an effort to read off the
sequence of the three billion base pairs that constitute “the reality
of our species.”

Much of the necessary interdisciplinary team was in place
at LBL by year’s end. Contributors to the ongoing effort
included members of five LBL research divisions—Cell and
Molecular Biology, Chemical Biodynamics, Engineering,
Information and Computing Sciences, and Materials and
Chemical Sciences—as well as several University of California
campuses. Of paramount importance, Charles R. Cantor, a
molecular geneticist of international stature, was named to direct
the effort. Members of the Center, however, remained dispersed,
pending construction of a home for their efforts. A Human
Genome Laboratory, sketched in Figure 18, has thus been
proposed to provide not only the physical space for this growing
effort but also the fertile, interactive environment essential to
productive multidisciplinary research. This integration of
molecular genetics, engineering, and computer science into a
critical research mass is a key ingredient of the Human Genome
Center—and of the DOE's strategy for resource and technology
development. The new building, which would provide lab and
office space for about 60 professional and support personnel,
would also provide a core facility for the common use of
expensive instrumentation and technologies. It would thus serve
as an important user facility for the biomedical scientific
community committed to this DOE-inspired national project.

Human Genome Center

Figure 18. An architect’s rendering of
the proposed Human Genome Lab-
oratory. This 32,000-square-foot
building at LBL would provide the lab
and office space needed for the antici-
pated increase in effort at the Human
Genome Center. It would also serve as
a user facility for the biomedical
scientific community and would ensure
a critical interactive mass of researchers
in engineering and the physical and
biological sciences. [CBB 886-6491]
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Early Achievements

In broad terms, the Center’s activities are concentrated in three
areas: automation of existing physical mapping methods and
development of new ones, evaluation and enhancement of
existing sequencing technologies, and improvement of methods
for interpreting and analyzing maps and sequence data. Current
efforts focus on two of the human chromosomes, numbers 21
and 22. Two principles guided the development of this research
agenda. First was the strong conviction that methodological
development must be accompanied by actual mapping and
sequencing efforts. Hence, our program will continue to be
characterized by “data-producing” projects, tightly coupled with
efforts to refine laboratory methods and to develop new tech-
niques for data handling and data analysis. The second guiding
principle was the expectation that powerful automated methods
will be absolutely necessary if we are to merge and reconcile
research results from the many laboratories that will ultimately
be involved in genome mapping and sequencing.

A major goal at the Center is to construct an ordered
library of DNA fragments from human chromosomes 21 and 22.
In a sense, this effort is the central project at the Center, serving
as a focus for efforts to improve the tools of the trade and to
develop new ones. A map of restriction enzyme—cutting sites on
chromosome 21 is already well-advanced, and our future efforts
will complement and build on the research already complete.
Previous research has also established the approximate loci for a
number of genes on chromosomes 21 and 22, so ordered libraries
will point the way naturally to mapping efforts of even higher
resolution that focus on chromosomal regions of special interest.

Producing an ordered library of clones requires “linking”
the many cloned fragments—that is, establishing which
fragments are connected to which in the intact human
chromosome. One way to establish linkage is to sequence
several hundred base pairs at the ends of cloned restriction
fragments, as well as the entire lengths of overlapping linking
clones, then to look for matches. We plan to carry out this kind
of DNA linking on chromosome 21 by means of automated
sequencing procedures and gel readers, thus testing some of the
tools that need the most improvement if a full-scale sequencing
effort is ever to be undertaken.

Pulsed-field gel electrophoresis (PFG) is one of the central
laboratory tools of the human genome project. It recent years, it
has become the universal means for separating DNA fragments
of up to 10 million base pairs. To reduce separation times and
enhance resolution, we have constructed a PFG test bed (Figure
19) that allows conditions such as electric field strength and
direction, acidity, and temperature to be monitored and recorded
at different places in the gel. Analysis of these quantitative data,
never before available, will provide an understanding of the
physical basis of the separation and offer a route to optimizing
the technique. In addition, using a computer controller, the PFG
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Figure 19. A pulsed-field gel electro-
phoresis test bed. In this PFG test bed,
conditions at any point in the gel can be
monitored by a probe mounted on a
computer-controlled platform (see
inset). The result has been data never
before available on variations in the
electric field, gel temperature, and
acidity, among other parameters. The
test bed also allows active computer
control of electrode potentials, as well as
the capability for programming complex
pulse cycles. The results of continuing
studies with this and other test beds will
be increased resolution and shorter
separation times, especially for DNA
fragments of more than five million base
pairs. [CBB 8810-10049 and CBB 893-
1881]

test bed allows active control of numerous electrode potentials,
together with the capability to program complex pulse cycles.
During the past year, we also made significant strides in
reducing the human effort that will be required in some of the
historically labor-intensive elements of genetic mapping, namely,
the analysis of electrophoresis images, the cross-correlation of
results from different experiments, and map construction from
electrophoresis data. As shown in Figure 20, for example, we
began to apply advanced image-enhancement and image-
analysis techniques to the problem of reading electrophoresis
gels. In addition, we began work on both a “laboratory
notebook” and an “image data base” to serve as resources for
eventual automated map construction. And finally, we started
work on the software for this final step of automation.
Automated methods will also be needed to ensure a
coordinated means for handling and sharing the enormous
quantity of data that the genome project will produce, and to
evaluate, maintain, and distribute the archives of clones that will
be the basic experimental resource for genomic research. Asa

Figure 20. Autoradiograms from large
DNA fragments separated by gel
electrophoresis, before (a) and after (b)
digital image enhancement. In these
images, the three dark lanes contain
standards, which overwhelmed the
response of the recording film, whereas
the dilute samples produced faint or
undetectable bands in the other lanes.
The enhanced image shows resolved
bands in the standards lanes, as well as
quantifiable bands in the sample lanes.
[XBB 893-1966 and XBB 893-1967]

43



CELL AND MOLECULAR BIOLOGY

Figure 21. An image of native, un-
stained DNA obtained by scanning
tunneling microscopy, together with a
schematic depiction of the molecule.
This image, obtained under conditions
of normal atmospheric pressure, was the
result of a collaborative effort with the
Lawrence Livermore National Lab-
oratory. The image is sufficiently
resolved to show the major and minor
grooves of the DNA double helix, and
some researchers have even suggested
that with further development STM
imaging may someday be used to
sequence DNA. [XBB 880-9840 and
XBL 8812-4094]
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start toward answering the first of these needs, we began
development of a workstation that we hope will provide a
uniform means of data access for all involved in the human
genome project. As a logical extension of our electronic
laboratory notebook, we designed the workstation as a means for
integrating all existing data bases, the result of which could then
be displayed hierarchically at different levels of resolution.

During the past year, we also recorded notable achieve-
ments along more exploratory lines. Two of the most dramatic
suggested that someday we may be able to work with, perhaps
even sequence, individual DNA molecules. A cloning technique
recently developed by Cetus Corporation, the polymerase chain
reaction, is most easily carried out if the desired fragment can be
isolated and purified. Thus, the challenge is to obtain the pure
fragment one wishes to replicate. One approach is to develop
tools for orienting and slicing isolated DNA molecules. To this
end, we succeeded in imaging single fluorescently labeled DNA
molecules in the light microscope and in manipulating them in
soft gels by means of electric fields. Further work will aim at
cutting molecules at prescribed sites by methods that include
locally delivered restriction enzymes, focused x-rays, and
mechanical cleavage.

The second dramatic development revolved around the
scanning tunneling microscope, or STM. By passing a fine stylus
over a sample on a conductive substrate and monitoring the
amount by which the stylus tip must be retracted to maintain a
constant current through the sample, the STM has provided
topographic images of material surfaces at unprecedented
resolutions. In 1988, in a collaboration between scientists at LBL
and the Lawrence Livermore National Laboratory, this technique
was used to image a single, unstained DNA molecule (Figure
21). Is it possible that with the STM we will someday be able to
“visually” read DNA sequences? Nobody knows, but the pur-
suit of such promising technologies is an essential element in the
quest to unlock the secrets of the human genome.
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CHEMICAL
BIODYNAMICS

THE LABORATORY OF CHEMICAL “...both NMR and x-ray
Biodynamics was established.ir} 1945 to conduct bagic crystallography are being
research on the dynamics of living cells and on the inter- dt i —
action of radiant energy with organic matter. Now a Ve . o S i ek
division of LBL, as well as an Organized Research Unit of of biomolecules, and the

the Berkeley campus, LCB has made rich contributions to tools of modern molecular
the understanding of the molecular mechanisms of photo- bio logy are bein ¢ Us ed to
synthesis and the effects of environmental pollutants on lore the broad 4

1 o sl gells. "The sbads of vhot thesi explore tne oroaa questions
plant and animal cells. The study of photosynthesis i )
continues to be a central theme of the Division, as it has impl ied b]/ th.e term
been throughout its history, but increasing effort in this ‘structural biology’. . . .”

area is turning to the use of molecular genetic methods to
probe questions of structure and function.

In a second area, both NMR and x-ray crystallo-
graphic techniques are being used to probe the molecular
structure of complex biomolecules, and the diverse tools of
modern molecular biology are being used to explore the
broad questions implied by the term structural biology. We
are interested, for example, in how not only the primary
structure, but also higher-order structure of normal and
damaged nucleic acids, including interactions with pro-
teins and with other nucleic acids, regulate the functional
activity of genes. In our work on catalytic enzymes, we
have even been able to tailor the structure of proteins so
that the molecules perform predetermined functions.

A third area of effort encompasses the study of the
fundamental chemistry of electronically excited molecules,
an area that underlies any understanding of the energy
storage processes in photosynthesis. We are working not
only toward the use of sophisticated chemistry to store
photon energy, but also toward the development of sys-
tems that actually mimic the photosynthetic apparatus in
the trapping and transfer of energy.

The Chemical Biodynamics Division is also the home
of the National Tritium Labeling Facility (NTLF). The
NTLF was established in 1982, and it continues to serve as
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Figure 22. A diagram of the photo-
synthetic “Z-scheme,” representing

noncyclic electron flow in higher plants.

Electrons flow from the water oxidation
side of photosystem II to the ferredoxin
reduction side of photosystem I. The
vertical position of each redox-active
membrane component represents its
approximate midpoint potential at
neutral pH. The two vertical lines
represent the two light reactions of
photosynthesis. [XBL 897-7667]
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one of the few facilities in the nation equipped to label
compounds to very high specific activities of 3H. It thus
serves as a laboratory where researchers from across the
U.S. can carry out labeling and radiopurification proce-
dures that would be impossible at their home institutions.
The mandated functions of the NTLF are to engage in
research and development of advanced labeling techniques
and to disseminate the results, to promote collaborative
research using labeled molecules, to provide labeling
services to the nation’s scientists, and to train researchers
in labeling methodologies. Among the NTLF’s most
important activities are to supply labeled biomolecules for
tritium-NMR spectroscopy, a key technique in our
structural biology research.

PHOTOSYNTHESIS AND BIOLOGICAL ENERGY

The Chemical Biodynamics Division traces its roots to early
studies of carbon metabolism in photosynthesis, and significant
effort continues to be directed toward an understanding of the
dynamics of this process, perhaps the most fundamental in the
biosphere (see Figure 22). Ongoing studies focus on the kinetics
of the light reactions of photosynthesis and on the organization of
photosynthetically active membranes. Complementary investi-
gations take a molecular genetic approach to understanding
structural and functional aspects of photosynthesis—for exam-
ple, by seeking to sequence the genes responsible for synthesis of
the photosynthetic apparatus, to elucidate the means by which
they are requlated, and to explore the activities of the enzymes
responsible for pigment biosynthesis. Still other studies aim at a
broader understanding of plant biochemistry. In one study, our
attention focuses on the biological mechanisms that control
hydrocarbon production in plants—plants that may offer an
alternative to fossil fuels.
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The Reactions of Photosynthesis

The conversion of sunlight to chemical energy in green plants is
our principal source of biological energy. To further our
understanding of this critical natural process, we are using
spectroscopic and other biophysical approaches to investigate
the mechanisms of photon capture, excitation transfer, and
energy trapping by the photosynthetic pigments, including the
earliest steps of electron transfer in the reaction centers and the
mechanism by which water is oxidized to molecular oxygen.
During the past year, we continued to study fast kinetics by
means of optical and electron paramagnetic resonance spectros-
copy, as well as using EPR and x-ray absorption spectroscopy to
study structural features. We also looked at the higher-order
structure and composition of photosynthetic complexes and
thylakoid membranes, using biochemical and molecular genetic
techniques. And finally, we investigated several model com-
pounds capable of the light-induced electron transfer that lies at
the heart of photosynthetic energy conversion, and at com-
pounds that are candidates for storing oxidizing equivalents in
the water-oxidation reaction.

As an example of this interrelated program of research,
several significant findings emerged from our studies of
manganese and water oxidation. It is known that a complex
containing four manganese atoms is involved in the storage of
the four oxidizing equivalents needed in photosynthesis to
produce O from water. To study this complex and the process
of oxygen evolution, we have pioneered the use of x-ray edge
spectroscopy and EXAFS in studies of manganese, in conjunction
with low-temperature EPR measurements. EXAFS studies, in
fact, were the first to indicate the presence of a bridged binuclear
manganese structure in the oxygen-evolving complex. We have
now obtained EXAFS spectra for photosystem II particles from
spinach, stabilized in the Sy, S1, Sp, and S3 states (see Figure 23),
thus considerably illuminating the structure of the manganese
complex and the changes that occur during the enzymatic cycle.
Further, comparison of photosystem II complexes from spinach
and the thermophilic cyanobacterium Synechococcus sp, using
EXAFS and EPR, show striking similarities. These results
suggest that the structure of the manganese complex has been
largely conserved throughout the full evolutionary history of
oxygen-evolving photosynthetic species.

Molecular Genetics of Photosynthesis

The photosynthetic reaction centers perform the primary
photochemistry of photosynthesis. In plants, eucaryotic algae,
and cyanobacteria, one of the two reaction centers, photosystem
11, utilizes light energy to drive the oxidation of water. The
“core” of photosystem II comprises a small number of poly-
peptides, including polypeptides D1 and Dy and cytochrome
b559, which make up the smallest complex capable of primary

Photosynthesis and Biological Energy
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Figure 23. Fourier transforms of the
kl-weighted manganese EXAFS data
from spinach photosystem II samples in
the S1, Sy, and S3 states. The first peak
is due primarily to bridging O (or N)
ligands at about 1.8 A and terminal O
(or N) ligands at 1.9-2.2 A. The second
peak arises from manganese at about 2.7
A. The peaks are characteristic of a di-
u-oxo-bridged manganese cluster. The
peaks appear at an apparent distance R’,
which is shorter than the true inter-
nuclear distance. [XBL 897-6561]
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charge separation. Associated with the photosystem core are
chlorophyll-binding proteins, designated CP43 and CP47, which
likely act as the core light-harvesting antennae. Additional
proteins, bound on the oxidizing side of the membrane, help
stabilize the manganese cluster discussed in the preceding
section. Much of our ongoing work is aimed at characterizing
the structure and function of these several polypeptides.

A transformable strain of cyanobacteria, Synechococcus sp
PCC 7002, in which one can modify or delete photosystem II
genes, has served as the basis for many of our molecular genetic
studies. By the end of 1988, we had cloned two of the three
genes that code for the D1 polypeptide, both genes that code for
Dy, and single genes that code for b559, CP43, and CP47. Our
gene-mapping work during the past year has demonstrated that
these genes are not clustered on the cyanobacterial genome. We
also sequenced the two D genes and showed that they encode
identical polypeptides, though the proteins may be expressed or
modified differently under different environmental conditions.

Other molecular genetic studies focus on a second bacte-
rium, the photosynthetic species Rhodobacter capsulatus. The
genome of R. capsulatus contains a single region, 46 kilobases
long, that codes for most of the proteins known to be essential to
photosynthesis. This includes reaction center proteins, a long-
wavelength light-harvesting antenna, and the enzymes required
for the biosynthesis of bacteriochlorophyll and carotenoid pig-
ments. Among our aims in studying this genome cluster are to
complete the nucleotide sequence, to characterize the activities of
the pigment-synthesis enzymes, and to understand how the



genes are regulated. Rhodobacter capsulatus is an ideal organism
for such studies: In the absence of oxygen, it develops an exten-
sive cytoplasmic membrane system that contains the photosyn-
thetic apparatus, and it is capable of respiratory growth, thus
allowing us to maintain and propagate photosynthetic mutants.

One highlight of these studies during 1988 was the
sequencing of 11,039 base pairs of the R. capsulatus genome,
containing seven of the eight previously identified carotenoid
genes (Figure 24). Despite the crucial role of these pigments in
photooxidative protection, no carotenoid gene from any organ-
ism had previously been sequenced, nor had the molecular
mechanisms regulating carotenogenesis been elucidated. After
obtaining the sequence, we were able to identify a previously
unknown gene, now designated crtK, and we have identified
possible promoters (similar to those found in the bacterium
Escherichia coli) and a possible binding site for regulatory
proteins.

Regulation of Gene Expression

Whereas photosynthetic processes are carried out primarily in
the chloroplasts of eucaryotes, some of the genes encoding the
necessary proteins are found only in the nuclear genome. Little
is known about the mechanisms that coordinate the expression
of these genes with the expression of genes in the chloroplast
genome. In most eucaryotic cells, the nuclear pattern of gene
expression is at least partly linked to the position of the cells in
the cell cycle. In the eucaryotic alga Euglena gracilis, light has a
dramatic effect on cell cycle traverse, and it may therefore affect
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Figure 24. A schematic diagram
showing the organization of the
carotenoid (crt) biosynthetic gene
cluster in Rhodobacter capsulatus.
Directions of transcription are indicated
with arrows, and putative regulatory
sites are indicated by dots. Numbers
above the genes show the putative
nucleotide positions of translational
starts and stops. Restriction sites are
indicated below the genes: B, BamHI;
E, EcoRI; Bg, Bglll; X, Xhol. Boxes
containing letters indicate specific
restriction fragments from the photo-
synthetic gene cluster, as determined in
earlier work; the IS21 elements derived
from the vector are also shown. The
locations of photosynthetic genes
outside the crt cluster are shown above
the boxes; these genes code for various
light-harvesting and reaction-center
polypeptides, as well as for enzymes that
catalyze synthesis of bacteriochloro-
phyll. [XBL 897-6562]
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gene expression simply by affecting the cell cycle. In one of our
studies of gene expression, our aim is to explore the regulatory
effect of light in Euglena.

Using probes for several genes associated with the
photosynthetic apparatus, we have now found a light-dependent
accumulation of mRNA in Euglena, even when the organism is
grown to saturation density, which inhibits cell cycle traverse.
On the other hand, gene expression is more pronounced in cells
that are not thus inhibited. These results suggest that the genes
for components of the photosynthetic apparatus are regulated by
light, independent of the cell cycle, but that the progress of cells
around the cycle can affect the message level quantitatively. We
further showed in mutant Euglena lacking chloroplasts that the
cell cycle is regulated by nutrient levels in the heterotrophic
medium, rather than by light.

In a second study on gene expression, we are continuing to
look for the cellular factors responsible for tissue-specific expres-
sion of Agrobacterium rhizogenes Ri T-RNA in potato and tobacco
plants.

Plant Biochemistry

Hydrocarbon-producing plants are a potential alternative to
fossil fuels as a source of both energy and feedstock for
industrial chemical processes. We are therefore interested in the
biological mechanisms that control hydrocarbon production in
plants, especially the production of the isoprenoids.
Identification of these control mechanisms may ultimately
permit manipulation of the plant genome to increase
hydrocarbon yields to practical levels. For our biochemical
studies in this area, we use latex isolated from the laticifer cells of
Euphorbia lathyris. We have centered our studies on three
problems: (i) identification of the rate-limiting steps in
triterpenoid biosynthesis, (ii) determination of the mechanism by
which squalene, an acyclic triterpene, is cyclized to form the
triterpenoids, and (iii) identification of the organelles in the latex
and determination of their biosynthetic roles. In the first of these
research areas, as an example, we have identified the rate-
limiting step (the conversion of -hydroxymethyl glutaryl
coenzyme A, or HMG-CoA, to mevalonic acid), isolated and
identified the responsible enzyme, identified and characterized
two isozymes, and identified a “competing” enzyme, which
inhibits triterpenoid synthesis by breaking down HMG-CoA.

In a second area of plant biochemistry research, we are
exploring both structural and functional aspects of the plant
protein-pigment phytochrome, the plant pigment that controls
all developmental aspects of plant growth. Phytochrome acts by
undergoing a photochemical interconversion to a new, active
form; however, the structural features of this isomerization, as
well as other aspects of phytochrome structure, remain un-
known. Among our aims, then, are to determine the stereo-



chemistry of the pigment-protein linkage in phytochrome and to
determine the structural changes in both pigment and protein
that accompany the change from inactive (PR) to active (PFR)
form. Understanding the underlying mechanisms by which
phytochrome functions may allow us to control plant growth,
flowering, and fruiting.

STRUCTURAL BIOLOGY

Modern structural biology has come to encompass far more than
“classical” high-resolution studies of biomolecular structure.
The farther-reaching interest today is to relate structure to
biological function, to understand how primary and higher-order
molecular structure, as well as larger-scale organizational
structure, affect fundamental cellular processes such as enzyme
catalysis, mutagenesis, and DNA synthesis. Active research
programs in the Chemical Biodynamics Division well reflect this
broadening scope of structural biology. The tools of these pro-
grams include NMR and x-ray crystallography, as well as
photochemical and molecular genetic techniques. The subjects of
study include both nucleic acids and proteins. In addition, aptly
symbolic of our aim to understand how biomolecules work in
terms of their structure, we are pursuing a goal of designing and
synthesizing catalytic antibodies with predetermined reaction
specificities.

NMR Studies

Our use of NMR in the analysis of biomolecular structure
includes studies of DNA, RNA, and proteins. As an example,
our efforts to determine protein structure in solution are aimed
at understanding the basis for their folding patterns, their
activity, and their interactions with other molecules. One
particularly interesting application is to determine the residues
involved in substrate binding and chemical activity in
catalytically active antibodies (see also pages 59-60). We have
thus developed methods for obtaining difference spectra for
different states of active Fab fragments: free fragments from the
catalytically active antibodies, Fabs with bound haptens, and
Fabs with spin-labeled haptens bound in both oxidized and
reduced states (Figure 25). Ongoing studies with antibodies
grown on 2H-labeled amino acids will allow us to unambig-
uously identify the residues of the active site.

We took a similar approach in analyzing the functional
role of His 134 in the catalytic activity of aspartate transcarb-
amylase. We unambiguously assigned the resonance of His 134,
then followed it as a function of pH. As a result, we showed that
the likely role of the residue is not to behave as an acid or a base
(both roles had been suggested by others), but rather to assist in

Structural Biology
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Figure 25. Proton-NMR spectra
showing the amide and aromatic regions
of an antibody complex. (a) Spectrum of
the antibody with a bound paramagnetic
hapten. (b) Spectrum of the same
sample after reduction of the hapten
nitroxide to a hydroxylamine. (c)
Difference spectrum (b — a) showing
only peaks near the hapten binding site.
[XBL 897-6563]
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the positioning of the substrate.

A second application of NMR spectroscopy is in studies of
cellular metabolism in vivo. 3IP-NMR, for example, has evolved
into an important means for determining in vivo concentrations
of phosphorylated metabolites and is now moving into the
clinical arena. Among our early contributions to this field, we
demonstrated the feasibility of implanting radio-frequency coils
around the organs of laboratory animals to permit the recording
of NMR spectra over long periods of time. Using this technique,
we subsequently described phosphorus exchange reactions in rat
hearts and kidneys and demonstrated that there are pools of
metabolic intermediates not directly visible in conventional high-
resolution NMR spectra.

X-Ray Crystallographic Studies

A key crystallographic result of the past year provided an
elegant illustration of the aim of modern structural biology—to
elucidate the intricacies of biological function by probing bio-
logical structure. By determining the crystal structure of a
protein responsible for cancerous cell proliferation in a class of
human tumors, a reasonable explanation could be proposed for
the functional difference between the oncogenic and normal
forms.

The ras oncogene is one of the most commonly found
oncogenes in human cancer cells. A single point mutation,
resulting in production of a protein with a single amino acid
substitution, is sufficient to convert the normal ras gene product
to an oncogenic form. In one such mutant, a valine codon re-
places a glycine codon at position 12. The protein produced by
the resulting gene, complexed with guanosine triphosphate



(GTP), is thought to function by sustaining a signal cascade
inside the cell that leads to cell proliferation. The normal protein,
on the other hand, converts GTP to GDP (guanosine diphos-
phate) after only a brief time and thus turns the proliferation
signal off.

During the last year, we refined the normal ras protein
structure to a resolution of 2.2 A. This higher-resolution picture
reveals atomic details of the three-dimensional structure (see
Figure 26) that will provide the foundation for understanding
how the protein functions and for aiding in drug design that may
suppress ras-mediated human tumors. We are currently refining
the structure of the valine-12 mutant at the same high resolution,
so as to identify the structural differences between the normal
and mutant forms and to understand their functional
implications.

Synthesis of Catalytic Antibodies

The ability to “design” and synthesize artificial enzymes with
well-characterized chemical properties would be a dramatic
advance in the commercialization of many chemical processes, as
well as having important biomedical applications. Key to the
design of such selective catalysts is the generation of highly
selective binding sites. With the advent of monoclonal anti-
bodies, we can now generate such binding sites, with enzymelike
affinities and specificities, as parts of antibodies produced by
living cells. For example, antibodies have been produced against
biopolymers such as nucleic acids, proteins, and polysaccharides;
against smaller multifunctional molecules such as steroids and
prostaglandins; and against synthetic polymers.

One strategy whereby catalytic antibodies might be
generated involves the site-specific introduction of catalytic
residues into antibody combining sites. One might accomplish
this, for example, by genetic methods, including site-directed
mutagenesis and selection, or by selective chemical modification.
Using yet a third technique, exploiting a group of antigens
known as haptens, we have successfully generated antibodies
that catalyze the photocleavage of thymine dimers.

Thymine dimers are the major photolesions that result
from irradiation of DNA with UV light. Organisms have

Structural Biology

Figure 26. Stereo drawings of the
complete atomic structure of the normal
ras protein, at a resolution of 2.2 A.
[XBL 897-6564]

59



CHEMICAL BIODYNAMICS

o o o)

HN NE HNJj/
o)\N N’K»o—_> Q%N {
e

R ‘ R

R

Figure 27. Photochemical cleavage of a
thymine dimer. Five thymine dimer—
specific monoclonal antibodies have now
been isolated that efficiently catalyze
this reaction when exposed to ultraviolet
light. [XBL 897-6565]
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evolved a number of systems to repair thymine dimers, inclu
ing light-dependent photoreactivating enzymes. The dimer
cleavage reaction is shown in Figure 27. Although the mecha
nism of the enzymatic reaction remains poorly understood, it
been demonstrated in model systems that a number of sensiti
ers, including indoles, quinones, and deazaflavins, can photo
sensitize dimer cleavage. One might, therefore, imagine that
antibody combining site, specific for thymine dimers and con
taining an appropriately positioned sensitizer, might act as a
selective photoreactivating enzyme. Indeed, we have isolatec
and characterized six monoclonal antibodies specific for thyn
dimers, five of which efficiently cleave thymine dimers when
irradiated with UV light.

Understanding Structure and Function: Other Approaches

A number of other investigations are also under way, with th
common goal of understanding the structure and function of
biological macromolecules. These studies include research or
the mechanism of DNA damage repair, the structure of
catalytically active RNA, the mechanisms by which DNA
synthesis is controlled in human cells, the structure of left-
handed Z-RNA, the structure of telomeric DNA oligonucleo-
tides, and the tertiary structure of RNA “pseudoknots.” We
have also developed a differential polarization microscope,
which reveals ordered linear structures and chiral structures :
single live cells.

The studies of catalytic RNA illustrate particularly well
close relationship between an understanding of structure and
insights into biological function. When first transcribed, man
messenger RN As contain intervening sequences, introns, that
must be removed before the message is translated into protei
Whereas it was once thought that all catalytic activity in the c
depended on proteins, it is now known that intron removal c:
be a self-catalyzed reaction—that is, the RNA itself can serve
catalyst. Furthermore, it is now thought that the three-dimen
sional structure of the RNA is the key to unerring recognition
the cutting sites.

We are taking several approaches to determining the
secondary and tertiary structures of catalytic RNAs. One
method is to photochemically crosslink the molecule with
psoralen, which stabilizes certain elements of the RNA structt
by establishing covalent linkages within duplex regions. The
RNA can then be digested and the crosslinked fragments
identified. The technique has already revealed several three-
dimensional structural features of M1 RNA, the essential
catalytic component of the enzyme RNase P, and work contin
toward refining the structure further. A more theoretical ap-
proach to structure determination is being taken to uncover tl
folding pattern of 16S ribosomal RNA from E. coli. We are us
available data, including proposed secondary structural featu
in connection with an empirical energy-modeling computer



program to broadly search plausible regions of conformational
space, at the same time minimizing energy to locate the best local
conformations. In a preliminary study using this approach, we
determined the tertiary structure of the yeast phenylalanine
tRNA, based only on knowledge of the primary structure,
deduced hydrogen bonding, and available information on five
long-range interactions. Subsequent x-ray crystallography
results confirmed our conclusion.

Another especially illustrative study focused on the
tertiary structure of RNA pseudoknots. The many biological
functions of RNA, including its enzymatic activities and its
regulatory roles in transcription and translation, are made
possible by its tertiary structure. However, whereas secondary
structure can be predicted by use of free-energy parameters, little
is known about the tertiary structure of RNA—with the excep-
tion of tRNA. We thus undertook a study of pseudoknots, a
tertiary structure proposed for the 3’ ends of many plant viral
RNAs. This pseudoknotting allows the virus to fold itself so that
it looks like tRNA. During the past year, we characterized the
pseudoknot conformation, shown in Figure 28, using NMR,
absorbance melting curves, single- and double-strand-specific
enzymes, and gel electrophoresis. The deduced structure shows
that the two stems of the pseudoknot stack atop one another so
as to form what appears to be one continuous, longer stem. The
stem has the standard RNA double helix structure, explaining
why the pseudoknot can fool enzymes that recognize tRNA.

Structural Biology

Figure 28. A schematic illustration of
an RNA pseudoknot structure deter-
mined by NMR, absorbance melting
curves, single- and double-strand-
specific enzymes, and gel electropho-
resis. The two stems of the pseudoknot
stack atop one another to form an
apparent single stem; the pseudoknot
thus mimics tRNA. [XBL 897-6566]
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CHEMISTRY OF ENERGY STORAGE

Photosynthesis is a natural process of great biochemical
interest—and potentially of great practical interest as well. To
mimic photosynthesis would allow us to trap the energy of the
sun in chemical form, where it could be stored indefinitely. This
remains a distant goal, but we are ever mindful of it in our
efforts to gain a fundamental understanding of electronically
excited molecules, and especially the ways in which photon
energy is stored in the form of high-energy chemical bonds. Our
approaches include attempts to find suitable catalysts and photo-
sensitizers of the component reactions of photosynthesis, as well
as more basic studies of excited electronic states, especially using
tunable lasers and infrared spectroscopy.

Artificial Photosynthesis

The ultimate solution to the problem of dwindling fossil fuel
supplies would be an ability to convert solar energy directly into
chemical fuels. The natural model is photosynthesis. Photo-
synthetic organisms are able to store the energy of captured
photons as chemical potential by exploiting both a phase bound-
ary that allows for charge separation and a set of chemical
compounds that can use the separated charge to oxidize water
and to reduce an “acceptor” to fuel. An artificial photosynthetic
system would thus require both a suitable phase boundary and a
proper combination of catalysts and photosensitizers. During
the past year, we have focused on the second half of this prob-
lem, in particular studying homogeneous systems that could be
used either to catalyze the oxidation of water or the reduction of
carbon dioxide.

The oxidation of water to molecular oxygen in photosyn-
thesis involves a polynuclear manganese complex. We have thus
synthesized a variety of manganese-amine macrocyclic com-
plexes, including two of special interest: Mn-1,4,8,11-tetraaza-
cyclotetradecane (14-ane Ng) and Mn-1,4,7,10-tetraazacyclo-
dodecane (12-ane Ng). Both form Mn(III), Mn(IV) mixed-valence
dimers, and in acetonitrile, both undergo reversible one-electron
oxidations and quasi-reversible one-electron reductions. Both
complexes interact with water when they are oxidized above the
I1I, IV level, and both may serve as model systems for the
multiple-electron oxidation of water.

We have also been studying macrocyclic amine-metal
complexes as catalysts for the reduction of CO;. For example,
we have used Ni-12-ane N4 and Ni-14-ane Ny as catalysts in
aqueous photochemical systems that also contain photosensi-
tizers and sodium ascorbate as the electron donor. Irradiation at
440 nm reduces COp to CO and produces Hj as a by-product.
For both macrocycles, the quantum efficiency of the photoreduc-
tion is a function of solution pH and temperature. It is obvious



that the reduction is a complicated, multiple-event reaction, and
we are continuing our efforts to understand the relationship
between the conformations of these complexes and their catalytic
selectivity and reactivity.

Basic Photochemistry

We have directed significant effort toward a fundamental
understanding of the special chemistry of electronically excited
molecules. We believe that the key to photon energy storage can
ultimately be found in the differences between ground-state and
excited molecules, in terms of orbital occupancy, charge distribu-
tion, molecular structure, and chemical reactivity. A powerful
diagnostic tool for investigating these differences is infrared
spectroscopy, coupled with matrix isolation. Using this tech-
nique, together with a tunable laser photolysis source, we are
attempting to map electronic hypersurfaces for both
unimolecular and bimolecular reactions.

An example of our progress during 1988 was our work
with hydrogen halide-acetylene complexes in cryogenic
matrices. The photochemistry is characteristic of an excited
“supermolecule,” rather than excited individual reactants. Using
tuned laser excitation, we saw a strong wavelength dependence
of the favored reaction:

HI-CyD» DI-CoHD

222 nm

HICoDp 77— HD-CoDI
We are continuing our attempts to understand this dependence
in terms of the potential functions of HI and of the
supermolecular complex.

A second research effort in basic photochemistry is aimed
at identifying chemical reactions that can be initiated with near-
infrared photons. Significant solar energy lies in this energy
range, thus our studies may establish a basis for practical energy
storage, for the conversion of solar to electrical energy, and for
the production of useful chemicals. Our tools include time-
resolved emission and absorption spectroscopy of redox
reactions in aqueous solution, Fourier transform-infrared
spectroscopy of reaction intermediates and products in inert
matrices, and tuned cw dye lasers as photolysis sources. A key
recent result was the observation of unusually high stereo-
control in the photooxidation of cis and trans 2-butene to epoxide
when the 2-butene-NOj reactant pairs were excited in a matrix
with long-wavelength visible light—light of insufficient energy
to dissociate the NO».

Chemistry of Energy Storage
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OCCUPATIONAL
HEALTH

; : LIKE ANY RESPONSIBLE EMPLOYER, THE
Lawrence Berkeley Laboratory must be concerned about
the health and safety of its work force. This means not
only taking account of the usual hazards of the work place,
from loose stair treads to major earthquakes, but also
ensuring that the tools and materials of modern scientific
research—as different and diverse as particle accelerators
and oncogenic viruses—are properly handled. Broadly
speaking, shouldering this responsibility is the role of the
Occupational Health Division.

The resulting tasks include many “routine” activities,
ranging from soil and groundwater sampling to employee
safety training. Particularly notable extensions of the latter
are periodic earthquake awareness drills, in which all
laboratory employees participate, and multicasualty drills
designed to exercise the emergency response capabilities of
the Laboratory. Also within Occupational Health is the
Medical Services Department, whose most visible respon-
sibility is to conduct periodic health examinations of all
LBL employees. Another activity closely and obviously
related to employee health is the ongoing effort to modern-
ize the personal radiation dosimetry system by replacing
all film badges with thermoluminescent dosimeters.

Beyond the routine, however, and setting the
Occupational Health Division apart from its industrial
counterparts, is the division’s work in radiation physics,
including applied research conducted on behalf of other
DOE accelerator facilities. During the past year, we
measured and analyzed neutron spectra at the Bevalac
and, on behalf of the SSC, at Fermilab’s Tevatron; we
designed and evaluated the shielding for the Advanced
Light Source, based on radiation transport calculations;
and several members of the Division participated in a
shielding design and radiation safety review of the
Continuous Electron Beam Accelerator Facility under
construction at Newport News, Virginia.

“. .. taking account of the
usual hazards of the work
place and ensuring that the
tools and materials of
modern scientific research—
as different as particle
accelerators and oncogenic
viruses—are properly
handled. . . .”
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ENVIRONMENTAL HEALTH AND SAFETY

The challenge of ensuring employee safety and guaranteeing
compliance with community environmental requirements, as
well as state and federal statutes, falls largely to the Environ-
mental Health and Safety Department. Broadly, its respon-
sibilities fall into five categories: (i) Industrial hygiene
encompasses hazard control programs and a wide range of
environmental protection programs. (ii) The operations group is
responsible for making monthly surveys of all work with radio-
isotopes, monitoring radioactive materials and sources, and
collecting radioactive and chemical wastes. This group was
actively involved in the decommissioning of the 184-Inch
Synchrocyclotron and the disposal of 8224 tons of shielding
blocks. (iii) Activities of the occupational safety and engineering
services group include monitoring construction safety and
compiling illness and accident statistics for the Laboratory
population. (iv) Training programs in health and safety are
provided for all employees. (v) Health physics covers research
on radiation physics and accelerator safety, responsibility for
radiological environmental monitoring, and coordination of the
personal dosimetry program.

Much that is unique in the realm of occupational health at LBL
centers around the presence of its several and varied
accelerators, including the Bevalac and the Advanced Light
Source (ALS), the latter now under construction. Indeed, the
continuous presence of major accelerators at the Laboratory for
more than 50 years has led to a considerable local concentration
of expertise in radiation physics and accelerator safety.
Accordingly, our activities in these fields are not restricted to
LBL, but rather involve other national accelerator facilities as
well.

Such activities included the continuing analysis of neutron
spectra obtained with our multisphere system at Fermilab’s
Tevatron. Measurements were made in cooperation with Fermi-
lab staff at the request of the SSC Central Design Group, as a way
to estimate radiation damage to electronic systems located near
high-energy accelerator rings. We also participated in a
radiation safety review of the Continuous Electron Beam
Accelerator Facility (CEBAF), and carried out a number of
calculations pertinent to CEBAF design, including the neutron
field attenuation through shielding labyrinths, tritium
production in liquid helium, and radioactivation of the machine
environment. We also showed that the classic neutron transport
code MORSE, developed at the Oak Ridge National Laboratory,
predicted air-scattered neutron, or “skyshine,” intensities
consistent with those predicted by other methods. As a third
service to the community, several division members worked
with scientists from Brookhaven, Fermilab, and Los Alamos to



produce the DOE Health Physics Manual of Good Practices for
Accelerator Facilities.

At LBL our radiation physics studies during 1988 focused
on the Bevalac and the ALS. The ALS shielding design was
previously determined by scaling experimental measurements
made at other facilities. One of our efforts, then, was to use the
MORSE code to supplement our earlier calculations with calcu-
lations for complex geometries. The design goals included
minimization of dose-equivalent rates in work areas and in
nearby offices, as well as annual dose-equivalents from skyshine
neutrons at the LBL site boundary. As shown in Figure 29, our
preliminary results confirmed the adequacy of the ALS shielding
design. We also reviewed engineering and architectural plans
for the ALS, focusing on such issues as radiation transport
through labyrinths, beamlines, and beam dumps; doses to
electronic components; and the effects of radiation on magnet
materials.

.2 mrem/yr

0.3 mrem/yr

0.1 mrem/yr

0.05 mrem/yr

Environmental Health and Safety

Figure 29. A plan view of the
Laboratory site in the vicinity of the
Advanced Light Source, showing
calculated annual dose equivalents due
to air-scattered neutrons, or “skyshine,”
from the electron storage ring. The
calculated dose at the nearest laboratory
boundary is a small fraction of the
natural background. [XBL 897-6567]
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Figure 30. A scene during the multi-
casualty drill held in the spring of 1988.
[XBC 895-3948]

74

We measured the neutron energy spectrum at two
locations in the Bevalac biomedical control room, using a low-
resolution multisphere neutron spectrometer. At the same time,
we evaluated the responses of three personal neutron dosim-
eters: a track-etch plastic (CR-39), a bubble detector, and an NTA
film. Problems of sensitivity, accuracy, and precision at low
dose levels and in mixed high-energy radiation fields pose
particular challenges for such dosimetry systems, and evalu-
ations continue.

MEDICAL SERVICES AND EMERGENCY PREPAREDNESS

Two other concerns of the Occupational Health Division are
emergency preparedness, including readiness for always-possible
earthquakes, and provision of both routine and emergency
medical services. The most visible activity of the Emergency
Preparedness Department is supervision of periodic practice
drills, whereas medical services are most apparent during routine
employee checkups.

Occupational medical services have been available to Laboratory
employees for the past 30 years, with special emphasis on the
unique working environment of a research facility. As always,
our objectives are to ensure physically suitable job placement, to
provide care for the occupationally ill or injured, to provide
emergency treatment, to encourage employees to maintain their
health, and to assist in maintaining a healthful work place.
Preplacement physical examinations are required of all employ-
ees, and we also offer periodic exams, as well as checkups at the




Medical Services and Emergency Preparedness

time of retirement or termination. Of particular importance,
special examinations are conducted for laser users, and a bio-
assay program, coordinated with the personal dosimetry
program, is in place for all employees who work with radio-
isotopes. A safety glasses program is also available. Among less
routine activities, the Medical Services Department has also
established a mutual aid agreement with Alta Bates Hospital, in
the event of a radiation accident at the Laboratory or elsewhere,
and during 1988 we instituted a Hepatitis B Vaccination Program
to protect employees working with hepatitis-infected blood or
blood products.

One important emergency preparedness activity is the
training and exercise of emergency response teams. A multi-
casualty drill was thus conducted during the spring of 1988, not
to assess the response of the larger Laboratory population, but
rather to evaluate the readiness of building emergency teams,
auxiliary ambulance and firefighting teams, medical response
teams, public information and amateur radio teams, and all
professional emergency response groups. The scenario was an
explosion and fire at Building 90, in contrast to a Laboratory-
wide emergency such as a major earthquake. As shown in
Figure 30, simulated victims added considerable realism to the
triage, emergency treatment, and transportation procedures.
Impartial umpires, on hand to judge the effectiveness of our
response to this simulated event, concluded that the emergency
teams were well-prepared, skillful, and competent. At the same
time, constructive suggestions underscore the importance of
such drills in improving our responsiveness to emergencies.
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